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ABSTRACT 
Parkinson’s disease (PD) is associated with perceptual as well as motor 
disturbances.  Unlike those with right-side onset (RPD), individuals whose motor 
symptoms begin on the left side of the body (LPD) may experience mild neglect 
of left hemispace.  The functional cause of these perceptual abnormalities in LPD 
is unknown; possibilities include altered eye movements, changes in perceptual 
representation of left versus right hemispace, and attentional abnormalities.  
Three studies explored these possibilities in non-demented individuals with mild-
moderate idiopathic PD (24-36 per experiment) and matched normal control 
adults (NC; 14-24 per experiment).  Study 1 consisted of two psychophysical 
line-bisection experiments that used brief stimulus presentations to preclude 
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exploratory eye movements. In both, participants judged whether a 
systematically adjusted hatchmark was left or rightward of a horizontal line’s 
midpoint.  In the second, eye tracking was used to ensure that participants 
fixated during stimulus onset. The first experiment revealed neglect-like 
performance in LPD, but the second did not, suggesting that neglect may arise 
from biased eye gaze but not from abnormal saccades.  Study 2 evaluated two 
hypotheses to explain spatial bias in LPD; one an active hypothesis in the 
literature that the representation of left hemispace is compressed, and the other 
a novel hypothesis that left hemispace is less salient than the right in LPD.  Both 
hypotheses were assessed psychophysically, using spatial frequency and 
contrast discrimination paradigms, and neither was supported.  Study 3 
investigated whether endogenous visuospatial attentional abnormalities exist in 
PD, and particularly whether LPD show weaker attentional abilities in the left 
hemifield.   A multiple-object tracking paradigm was used along with eye tracking 
to ensure that participants used only endogenous (not exogenous) attention.  PD 
showed dilated temporal resolution of attention, and were less accurate in 
tracking multiple objects at once.  LPD did not differ from RPD for either of these 
metrics.  Overall the results suggest that there is no intrinsic difference in the 
representation of space in LPD relative to RPD or NC, but that visuospatial 
attention is altered in PD generally.  The latter finding is particularly important for 
considering spatial navigation in individuals with PD even in early stages of the 
disease.  
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CHAPTER ONE 
General Introduction 
 
 
OVERVIEW 
PD is associated with visual and cognitive abnormalities that have a 
significant impact on quality of life over and above the impact of the disease’s 
hallmark motor symptoms (Cronin-Golomb, 2010; Klepac, Trkulja, Relja, & Babic, 
2008; Visser et al., 2008).  Visual hemineglect is a phenomenon in which the 
individual fails to orient toward or respond to stimuli that appear in the affected 
visual hemifield (Ogourtsova, Korner-Bitensky, & Ptito, 2010; Posner, Walker, 
Friedrich, & Rafal, 1984).  In PD, many patients experience a degree of 
hemineglect, especially those patients who are more affected on the left side of 
their body by the disease (Villardita, Smirni, & Zappala, 1983).   PD is usually 
asymmetrical in its onset, and the brain pathology on the side contralateral to the 
initial symptoms remains more severe throughout the illness (Kempster, Gibb, 
Stern, & Lees, 1989).   PD patients with moderate to severe bilateral motor 
disability still show considerable asymmetry in the putamen and caudate, with 
relatively reduced dopamine activity contralateral to the initial motor symptom 
side (Antonini et al., 1995; Booij et al., 1997). Studies using SPECT have found 
bilateral changes in dopamine activity in PD patients, with more pronounced 
changes contralateral to the side of initial motor symptoms (Booij, et al., 1997; 
  
2 
 
Innis et al., 1993; Kim, Lee, Choe, & Kim, 1999; Marek et al., 1996), and an 
autopsy study revealed 25% fewer neurons in the substantia nigra contralateral 
to the side of the initial motor symptoms than in the ipsilateral substantia nigra 
(Kempster, et al., 1989).  LPD patients tend to experience neglect on the left side 
of space, with little if any such symptomatology in either hemifield in RPD.  For 
LPD, the following symptoms are suggestive of neglect: 1) Objects appear 
smaller in the LVF than in the RVF (Harris, Atkinson, Lee, Nithi, & Fowler, 2003), 
2) On line bisection tasks, which are widely used to assess neglect, LPD patients 
estimate the center of a horizontal line to be to the right of the actual center (Lee, 
Harris, Atkinson, & Fowler, 2001b), 3) The initial direction of visual exploration is 
biased toward the right in LPD (Ebersbach et al., 1996).   Patients with RPD 
performed similarly to control participants in these studies.  In monkey models of 
PD, lesioning the substantia nigra and caudate nucleus causes food to be 
ignored on the contralesional side of space.  This neglect of a rewarding stimulus 
occurs even when using the ipsilateral hand, suggesting that perceptual, not 
motor, malfunction underlies the lack of reaching behavior (Milton, Marshall, 
Cummings, Baker, & Ridley, 2004).  Taken together, these studies indicate that 
neglect in PD is a real and common problem in LPD.   
Neglect in PD is often mild enough to go unnoticed by patients and their 
neurologists.  This subtlety actually makes neglect more dangerous, as 
unknowing patients with neglect may be more vulnerable to falls and related 
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difficulties (Jutai et al., 2003).  Approximately half of PD patients report bumping 
into doorways, and LPD patients reported more often bumping into the left side of 
doorways than into the right side, whereas RPD patients reported no such bias 
(Davidsdottir, Cronin-Golomb, & Lee, 2005).  This navigational difficulty 
correlates with visual variables and not motor symptom severity.   LPD patients 
also underestimated doorway size significantly in a perceptual task, whereas 
RPD slightly overestimated doorway size (Lee, Harris, Atkinson, & Fowler, 
2001a).  This pattern of results suggests that perceptual problems related to 
neglect may contribute to navigational problems in patients.   
The functional mechanisms underlying the symptoms of neglect in PD are 
not understood.  The aim of the present set of studies was to elucidate the 
mechanisms of neglect, with the future ultimate goal of directing clinical care of 
PD patients with neglect towards those mechanisms shown to be at play.   
One possible explanation for the neglect-like results seen in LPD is that 
eye movements are altered in a way that produces the neglect syndrome.  
Altered eye movements in PD have been found in smooth pursuit (Bares, 
Kanovsky, Klajblova, & Rektor, 2003; Rascol et al., 1989) as well as in saccades 
(Bronstein & Kennard, 1985; Waterston, Barnes, Grealy, & Collins, 1996) and 
antisaccades (Clark, Neargarder, & Cronin-Golomb, 2010).  Yet, not all studies 
find deficits, and some find alterations in the opposite direction as other samples 
and studies (for a review, see Chambers & Prescott, 2010). One factor that may 
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contribute to this heterogeneity in the field may be the side of symptom onset of 
the patients being studied (Ventre, Zee, Papageorgiou, & Reich, 1992). If 
exogenenous attention in left hemispace is weakened, a lack of subsequent 
foveal fixation to the space initially located in LVF would be expected.  If LPD 
patients were biased to scan their eyes mostly to the right, this would cause 
objects initially located in left-space to be processed by peripheral mechanisms, 
which would result in coarser signals with respect to the LVF.  Indeed, such a 
bias appears to exist in LPD (Ebersbach, et al., 1996).  To test the possibility that 
altered oculomotor behavior play a role in neglect-like results in PD, it is 
necessary to test perceptual performance independently from eye movements, 
which has not been done previously. Study 1 represents such an endeavor. 
A second interpretation of the neglect-like results in LPD is that perception 
of space is compressed in the LVF of these patients (Davidsdottir, Wagenaar, 
Young, & Cronin-Golomb, 2008; Harris, et al., 2003).  If this were the case, it 
could explain line bisection performance by shrinking the representation of the 
left half of a line, thereby shifting the perceived center to the right.  A novel 
interpretation, proposed here for the first time, is that left-space is reduced in 
salience overall, and all visual signals are weakened in the left hemifield.  If this 
were the case, length signals could be altered in a systematic way that would 
produce the bias in performance on line bisection tests seen in LPD.  Both of 
these hypotheses were tested in Study 2.   
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The hemineglect-like results in PD can alternatively be explained by a lack 
of attentional capacity in the LVF as compared to the right RVF (tested by Study 
3).  Spatial attention appears to be impaired in PD on some tasks (Briand, 
Hening, Poizner, & Sereno, 2001; Possin, Filoteo, Song, & Salmon, 2009) but not 
others (Sharpe, 1990), and it has not been studied with respect to side of disease 
onset and visual hemifield.  One consequence of attention is an increase in the 
firing rate of visual neurons responsible for the attended stimulus as compared to 
those responsible for unattended stimuli (Desimone & Duncan, 1995; Moran & 
Desimone, 1985).  Weakened attention across the LVF in LPD may result in 
weakening of salience and perceptual signal strength of many features in the 
LVF, including those found in to be altered in LPD (e.g., stimulus length or size). 
Since the attention task used here had never been applied to PD, analyses also 
investigate PD generally as compared to controls. 
Based on the known pathophysiology of PD, there is good reason to 
expect that attention-based mechanisms underlie hemineglect in LPD.  In PD, 
the parietal cortex is associated with thinned gray matter and hypometabolism 
(Lyoo, Jeong, Ryu, Rinne, & Lee, 2010; Lyoo, Ryu, & Lee, 2010), and this 
thinning is correlated to perceptual functioning (Pereira et al., 2009). The inferior 
parietal lobes are important for endogenous spatial attention, where the observer 
allocates attention to part of the visual field, independent of the salience-driven, 
exogenous response by the superior colliculi (Husain & Nachev, 2007).  LPD 
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patients have shown behavioral deficits associated with right parietal dysfunction, 
and RPD patients have shown behavioral deficits associated with left parietal 
dysfunction (Amick, Schendan, Ganis, & Cronin-Golomb, 2006; Schendan, 
Amick, & Cronin-Golomb, 2009).  Another candidate for weakening exogenous 
and endogenous attention in LVF in LPD is the superior colliculus (SC), which is 
critical for choosing which visual objects to focus attention on and toward which 
to orient the fovea (Dorris, Pare, & Munoz, 1997; Robinson & Kertzman, 1995; 
Wurtz & Goldberg, 1972). The SC receives direct signals from the substantia 
nigra (Hikosaka, Takikawa, & Kawagoe, 2000; Hikosaka & Wurtz, 1983; Kaneda, 
Isa, Yanagawa, & Isa, 2008; Mysore, Asadollahi, & Knudsen, 2010).  Because 
the substantia nigra is severely affected in PD (Hornykiewicz & Kish, 1987), one 
would also expect altered activity of the colliculus in PD (Redgrave & Coizet, 
2007).  Behavioral results in PD are consistent with SC impairment (Possin, et 
al., 2009).  PD patients show altered inhibition of return, an attentional 
mechanism where new stimuli are preferentially attended to as compared to 
previously attended stimuli (Posner, 1980; Schendel, Robertson, & Treisman, 
2001). The SC is widely accepted as playing a critical role in inhibition of return 
(Dorris, Klein, Everling, & Munoz, 2002; Fecteau, Bell, & Munoz, 2004; Sapir, 
Soroker, Berger, & Henik, 1999), so impaired inhibition of return in PD is 
consistent with SC impairment as well.  There is also accumulating evidence that 
the superior colliculi are implicated in stroke-based left hemineglect (Ogourtsova, 
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et al., 2010).   Because RPD do not show neglect on the right side of space, as 
would be expected if only SC impairment caused neglect in PD, the parietal 
cortex, which is asymmetrical in representation or space (Sheremata & Somers, 
2010), is probably involved as well, possibly in combination with SC impairment.    
The purpose of the present study was to investigate the nature of 
visuospatial neglect in PD.  The functional and neural mechanisms underlying 
hemineglect in PD are unknown.  Summarizing from above, three possibilities 
are tested here.  One possibility, tested in Study 1, is that altered eye movements 
result in a distortion or weakening of visual signals in the LVF (Ebersbach, et al., 
1996).  Another possibility, tested in Study 2, is that the representation of space 
in LVF is somehow altered—either compressed, or reduced in salience 
(Davidsdottir et al., 2008; Harris et al., 2003; Lee et al., 2001b).  A third 
possibility, tested in Study 3, is that endogenous attention (i.e., attention that is 
independent from eye movements) is differentially altered in the left hemifield in 
LPD.   Based on results implicating parietal cortex (Amick et al., 2006; Lyoo, 
Jeong, et al., 2010; Lyoo, Ryu, et al., 2010; Pereira, et al., 2009) and the superior 
colliculus in PD (Basso, Powers, & Evinger, 1996; Hikosaka & Wurtz, 1983; 
Hirsch, Graybiel, Duyckaerts, & Javoy-Agid, 1987), and the known role these 
structures play in endogenous and exogenous attention (Fecteau, et al., 2004; 
Heilman & Van Den Abell, 1980; Husain & Nachev, 2007; Posner, Cohen, & 
Rafal, 1982; Robinson, Bowman, & Kertzman, 1995; Robinson & Kertzman, 
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1995) as described above, I hypothesized that attention, rather than altered eye 
movements, spatial compression or reduced salience of the left hemifield, 
accounts for the hemineglect results in LPD.    
 
AIMS OF THE PRESENT STUDIES 
Study 1 (Chapter 2): To examine whether neglect persists in LPD if eye 
movements are removed as a possible factor.   
Hypothesis I.  If LPD hemineglect is caused by eye scanning being preferentially 
oriented to the right side of space, LPD patients should not show neglect-like 
results when brief stimulus presentation precludes the ability to make eye 
movements.  I predicted that LPD patients would show neglect of left-space in a 
line bisection task, even when eye movements were not involved.   
 
Study 2 (Chapter 3): To test whether spatial compression and/or weakened 
salience in the left hemifield occur in LPD. 
Hypothesis I. If left-space but not right-space is compressed in LPD, then visual 
stimuli presented in the LVF should appear to have a higher spatial frequency 
than identical stimuli presented in the RVF.  It follows from this hypothesis that 
LPD patients should show a bias in spatial frequency discrimination, where the 
spatial frequency of gratings in the LVF is perceived as higher than they really 
  
9 
 
are, with no such bias being seen in RPD or NC. I predicted that this bias would 
not occur in any group, including LPD, favoring the explanation that neglect in 
LPD actually arises from weakened attention to or salience in the LVF.  In fact, if 
attention is preferentially allocated to the right in LPD, one could reasonably also 
predict the opposite effect, spatial expansion of the left hemifield in LPD, since 
endogenous attention has been shown to increase the perceived spatial 
frequency of a stimulus (Abrams, Barbot, & Carrasco, 2010; Gobel & Carrasco, 
2005).   
 
Hypothesis II.  If the salience and strength of all visual signals in the LVF are 
reduced in LPD, one would predict that visual signals such as contrast would be 
perceived as weaker in LVF than RVF.  Favoring altered attention as an 
explanation to reduced salience, however, I predicted similar performance 
among LPD, RPD and NC when comparing the contrast of gratings in the left and 
right visual hemifields.   
 
Study 3 (Chapter 4): To explore visuospatial attention in PD generally, and 
LPD in particular with respect to the left hemifield of space.   
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Hypothesis I. If weakened attentional capacity is a major factor in hemineglect in 
LPD, one would predict reduced attentional capacity in the LVF relative to the 
RVF.  I predicted that LPD, but not RPD or control participants, would display 
lower accuracy in tracking moving objects in the LVF than in the RVF.   
 
Hypothesis II:  I predicted that PD participants in general would show a deficit in 
the ability to track single and multiple targets as compared to control participants, 
due to parietal and SC dysfunction.   
 
GENERAL METHODS 
Detailed methods for Studies 1, 2, and 3 are described in Chapters 2, 3, and 4, 
respectively. 
Overview: The present work represents a multifaceted analysis of hemineglect 
symptoms in PD. I measured spatial compression, perceived salience, attentional 
capacity and perceived line length in the absence of eye movement using 
psychophysical methods.  For the psychophysical tasks, participants were 
instructed to maintain central fixation throughout the experiment, and eye gaze 
was monitored using eye-tracking equipment described below.  Two-alternative 
forced-choice methods were used, which are effective in eliminating participant 
bias, except those perceptual biases in which the present research is interested.   
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Participants: A total of 78 individuals participated in this study, including 21 
LPD, 28 RPD, and 29 NC.  Power analyses indicate that a sample size of 14 in 
each group would be sufficient (power = 81.5%) to detect a group by condition 
interaction of medium effect size (0.3).   NC and PD participants were matched 
on age, education, and proportion of men and women.  All received detailed 
health history screening.  Our recruitment efforts were supported, with our 
gratitude, by the Boston Medical Center Neurology Associates, and by Boston 
area Parkinson’s disease support groups, as well as the Michael J. Fox Trial 
Finder.   
 
Procedures: After providing informed consent, participants received a 
comprehensive interview and assessment.  During the initial interview, historical 
and demographic information, such as education, age, and ethnicity was 
collected, and the inclusion and exclusion criteria and current medications 
reviewed.  PD participants were administered the Unified Parkinson’s Disease 
Rating Scale (UPDRS) (Fahn, Elton, & al., 1987), a standard measure of 
symptom severity, either on or within one year of the study visit.  After screening 
and clinical evaluation, participants completed the psychophysical and eye-
tracking tests described below. In total, the procedure took roughly 5 hours, and 
was divided into two sessions. 
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Neuropsychological  assessment and screening:  
Screening measures: All participants were administered the Health Screening 
Questionnaire, which consists of questions regarding past and current medical 
history, psychiatric history and medication information.  To assess general 
cognitive function, PD and NC participants were administered the Columbia 
Modified Mini-Mental State Exam (mMMS) (Stern, Sano, Paulson, & Mayeux, 
1987).  They were also administered the Beck Depression Inventory and Beck 
Anxiety Inventory to assess for mood symptoms, which have been shown to 
affect visual processing (Bubl, Kern, Ebert, Bach, & Tebartz van Elst, 2010).  
Visual acuity was measured using the Freiburg acuity and contrast test (BACH, 
1996).  
 
Data Analysis: Group differences in visual and visuomotor parameters were 
analyzed using mixed design analyses of variance (ANOVAs) with group as the 
between subjects factor (RPD, LPD, PD generally, or NC) and condition as the 
between subjects factor.  While using parametric statistics, I was sensitive to 
potential violations (e.g., homogeneity of variance, sphericity, normality, etc.).  If 
violations occurred, I took appropriate statistical measures to account for these 
violations (e.g. Huynh-Feldt correction was applied if the sphericity assumption 
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was violated). Pearson correlations were used to examine the relation between 
visual variables and cognitive variables.  
  
  
14 
 
 
CHAPTER 2 
Study 1: Line bisection in the absence of oculomotor exploration of 
the stimulus 
 
Introduction 
Parkinson’s disease (PD) is associated with visual and cognitive 
abnormalities that have a significant impact on quality of life over and above the 
disease’s hallmark motor symptoms (Cronin-Golomb, 2010; Klepac, Trkulja, 
Relja, & Babic, 2008; Visser et al., 2008).  One such abnormality is visual 
hemineglect, in which the individual fails to orient toward or respond to stimuli 
that appear in the affected visual hemifield (Ogourtsova, Korner-Bitensky, & Ptito, 
2010; Posner, Walker, Friedrich, & Rafal, 1984).  PD is usually asymmetrical in 
its onset, and the brain pathology on the side contralateral to the initial motor 
symptoms remains more severe throughout the illness (Kempster, Gibb, Stern, & 
Lees, 1989). Those patients whose motor symptoms first appeared on the left 
side of their body (LPD) may experience a degree of hemineglect on the left side 
of space, whereas patients who are initially more affected on the right side of the 
body (RPD) show little if any such symptomatology in either hemifield (e.g. 
Villardita, Smirni, & Zappala,1983).  In most people, the right hemisphere is 
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dominant for spatial processing, and encodes both left and right visual 
hemifields, whereas the left hemisphere encodes mainly the right half of space 
(Sheremata et al., 2010; Thiebaut de Schotten et al., 2005). LPD represents 
more severe right hemisphere pathology, and RPD more left-hemisphere 
pathology.  Hence, in LPD, the primary processor of left-space has been 
compromised, with attendant perceptual consequences including hemispatial 
neglect. 
For LPD, the following results are suggestive of neglect: (1) On line 
bisection tasks, this PD subgroup estimates the center of a horizontal line to be 
to the right of the actual center (Davidsdottir et al., 2008, for men; Lee, Harris, 
Atkinson, & Fowler, 2001) or more rightward than RPD and NC at certain field 
positions (Laudate et al., 2013); (2) The initial direction of eye scanning when 
exploring a novel stimulus is biased toward the right (Ebersbach et al., 1996); (3) 
Objects presented on the left appear smaller than those presented on the right  
(Harris, Atkinson, Lee, Nithi, & Fowler, 2003).  Taken together, these studies 
indicate that a hemineglect-like syndrome selectively affects those whose PD 
symptom onset is on the left body side (right hemisphere).  Data on how this 
syndrome affects daily living in these individuals are limited, though LPD patients 
report bumping into doorways more often on the left than right side (Davidsdottir 
et al., 2005); ramifications in the domains of driving and falls would seem to be 
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likely (Laudate et al., 2013; Young et al., 2010).  The nature and cause of the 
neglect syndrome in PD remain mostly unknown.    
One possibility is that the neglect-like performance in LPD arises from 
oculomotor abnormalities.  Several studies have shown reduced saccadic 
amplitude in PD, and it has been suggested that such reduction while trying to 
explore the visual world could underlie neglect in PD (Matsumoto et al., 2011).  
The difficulty with this proposal is that such a restriction in saccadic amplitude 
would seemingly have to be asymmetrical in nature (i.e., LPD would have to 
show restricted amplitude in the left side of space but not in the right).  To our 
knowledge, such an asymmetrical pattern of saccadic restriction has not been 
shown in LPD, reducing the likelihood of saccadic abnormalities as a candidate 
mechanism explaining neglect in LPD. 
Another potential oculomotor mechanism underlying neglect is a biased 
scanning strategy.  It appears that those with LPD, but not RPD, may be biased 
to make strategic eye movements to the right side of a stimulus after it is 
presented (Ebersbach et al., 1996).  Because eye movements were allowed to 
be freely made in the two psychophysical experiments of this study and the LPD 
group showed neglect, it is possible that they may have spent more time 
exploring the right side of the stimulus than the left.  Such a biased scanning 
strategy would result in more precise processing of the right half of the stimulus, 
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as the right side of the stimulus would have greater access to the fovea.  If this 
were the case, the right half of the stimulus might be given more weight in a size 
or length discrimination task, thereby producing the biased results seen across 
studies (e.g., Lee et al., 2001).   
To isolate the role of these two potential ocular-motor mechanisms 
underlying LPD neglect, three experiments were performed.  In the first, we 
tested whether neglect would persist without saccades being able to play a role 
in determining performance.  To do this, line bisection performance was 
measured using a two-alternative forced-choice line bisection task and a 
presentation time (83 msec) that was brief enough to preclude strategic eye 
movements.  In the second experiment, we tested whether neglect in LPD would 
persist even when scanning strategy was not a factor.  Here again a brief 
presentation was used, this time along with a fixation cross and eye-tracking to 
ensure that all participants were looking in the same place when the stimulus 
was presented. Finally, for purposes of comparison, a third experiment measured 
line bisection performance using a standard version of the test that allowed 
unlimited visual exploration of the stimulus. 
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Experiment 1 
Methods 
Participants 
Participants were 49 non-demented PD patients, including 21 LPD (12 
men, 9 women, mean age = 64.2, standard deviation [SD] = 7.3), 28 RPD (15 
men, 13 women, mean age = 65.5SD = 6.8) and 29 neurologically normal control 
adults (NC, 11 men, 18 women, mean age = 67.6, SD = 8.7).  The groups did not 
differ significantly in terms of age, F(2,75) = 1.27, p = .29, or years of education, 
F(2,75) = .93, p = .40.  Participants were excluded from the study on the basis of 
having neurological conditions (other than PD, for the PD group), coexisting 
serious chronic medical illnesses (including psychiatric illness), use of 
psychoactive medication besides antidepressants and anxiolytics in the PD 
group, history of intracranial surgery (e.g., deep brain stimulation or other 
invasive PD treatments), traumatic brain injury, alcohol dependence or recent 
substance abuse.  All participants received a detailed neuro-ophthalmological 
examination to rule out visual disorders including significant glaucoma, cataracts, 
or macular degeneration. The minimum Mini-Mental State Examination (MMSE; 
Folstein, Folstein, & McHugh, 1975) score for inclusion in the study was a 26 out 
of a possible total score of 30.  The minimum score for the sample included in 
this study was 27.  Both PD groups had a median Hoehn and Yahr (H&Y) score 
of 2 out of a total possible score of 5, indicating that the sample centered around 
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mild to moderate motor severity.  The range of scores for LPDs was between 1 
and 4.  There was only one LPD participant with a H&Y score of 4, and none with 
3 or 3.5.  The range of scores for RPDs was between 1 and 3. LPD and RPD did 
not differ significantly on their H&Y scores (Kolmogorov-Smirnov, p = .49); scores 
were unavailable for 2 LPD and 3 RPD.  Unified Parkinson Disease Rating Scale 
(UPDRS) scores were available for 17 LPD, who had a mean motor score of 19.4 
(SD 8.1), and for 19 RPD, who had a mean motor score of 19.1 (SD 9.0).  
Because we had scores for more participants on H&Y than on UPDRS, we report 
H&Y scores for the participants in each experiment. 
 
Stimuli 
The stimulus was a long horizontal or vertical line (Figure 1), 15.9 degrees 
in length and 7 arc min in width, with a perpendicular hatchmark 4.0 degrees in 
length and 7 arc min in width.  The bisected line and bisecting hatchmark were 
both black and presented on a white background.  The hatchmark was positioned 
along the horizontal line in one of 12 locations—1, 2.1, 4.2, 8.3 or 16.7% offset to 
the left or right of center.  For example, a 100% offset would indicate the 
hatchmark being positioned on the endpoint of the line.  For the vertical version 
of the task, 10 locations were used—5 above and 5 below the midpoint, ranging 
from 16.7% above or below the midpoint of the vertical line.  In order to preclude 
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saccades during the stimulus presentation, the presentation time was set at a 
brief duration, 83.3 msec, whereas stimulus-driven saccades are on the order of 
200 msec (McPeek, Skavenski, & Nakayama, 2000).   
 
Procedures  
In the horizontal condition, the task was to indicate orally whether the 
hatchmark was to the left or the right of the longer line's midpoint (Figure 1).  The 
main dependent variable was the proportion of trials in which participants 
reported that the hatchmark was to the right of center for each hatch-position (8 
trials each condition).  In the vertical condition, the task was the same as in the 
horizontal condition, with the participant indicating whether the hatchmark was 
above or below the longer line’s midpoint.  The hypothesis was that abnormal 
saccades drive neglect in LPD, and therefore eliminating saccades would also 
eliminate neglect.  That is, LPD would not show a neglect-like pattern on this task 
and would perform similarly to RPD and NC.   
 
Data analysis 
 The dependent variable in the horizontal condition was the proportion of 
trials for which the participant reported that the hatchmark was to the right of the 
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midpoint of the long horizontal line. From these data, a perceived midpoint (PM) 
was extracted using a Weibull function of the form y=1− e
(
− x
a
)
b
 where y is the 
proportion of trials for which the observer reports that the hatchmark is to right of 
center, x is the hatch position, and a and b are adjustable curve-fitting 
parameters.  For the vertical condition, the dependent variable was the 
proportion of trials for which the participant reported that the hatchmark was 
above the midpoint.  In kind to the horizontal condition, a midpoint was extracted 
from these date using a Weibull function.  In the horizontal condition, neglect 
would manifest itself as a rightward shift in PM, and a decrease in the proportion 
of trials viewed as right of the midpoint, since neglect tends to shift the PM of the 
line to the right.  Likewise, in the vertical condition, if a participant reported 
“above the midpoint” less frequently, it would reflect their perception that the 
midpoint of the line was shifted up from its physical position.  Outliers were 
identified as those who showed a PM more than two standard deviations from 
the mean in their subgroup (e.g., LPD).   
 
Results 
 
Horizontal condition 
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Results for proportion-right data are shown in Figure 2a.  LPD reported 
“right [of midpoint]” less frequently than did RPD and NC, especially at the hatch 
positions near the center of the line (i.e., where the stimulus was difficult to judge 
and uncertainty was high).  However, a mixed model ANOVA with group (LPD, 
RPD, NC) and hatch position (12 levels) showed no significant main effect for 
group, F(2, 75) = 1.39, p = .26, η2= .04. There was a main effect for hatch 
position, F(4.2, 317.2) = 354.0, p<.001, η2= .83.  The interaction between group 
and hatch position was not significant F(8.5, 317.2) = 0.62, p = .77,  η2= .02.   
Results on the perceived-midpoint (PM) data were as follows, after 
eliminating data from outliers (one LPD, three RPD, one NC).  A one way 
ANOVA across the three subject groups showed a non-significant trend toward a 
group difference, F(2, 72) = 3.06, p = .053, , η2= .08, driven by LPD’s rightward 
bisection as compared to the other two groups.  A planned contrast comparing 
NC and LPD on PM data showed a significant difference between these two 
groups, t(46) = 2.3, p = .02, Cohen’s d = .65.   
 
Vertical Condition 
Results are shown in Figure 2b.  LPD reported “above center” less 
frequently than did RPD and NC, especially at the hatch positions near the center 
of the line.  A mixed model ANOVA with group (LPD, RPD, NC) and hatch 
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position (10 levels) as factors showed significant effects for hatch position F (4.3, 
323.5)  = 514.2, p<.001, η2=.87, a trend toward a group difference F(2, 75) = 
2.92, p = .06, η2= .072, as well as a significant interaction between the two F(8.6, 
323.5) = 2.4, p =.013.  The interaction was driven by the LPD group’s shallower 
slope when moving the hatchmark above the line’s center, and their similar 
performance to NC and RPD when the hatchmark was in the lower half of the 
line, or at the extreme upper portion of the line. 
 
 Comparing the PM across the three groups after eliminating data from 
three outliers (one per group), the effect of group was significant, F(2, 73) = 3.82, 
p = .027, η2= .10.  Comparing NC and LPD in a t-test showed a trend for LPD to 
bisect lower than NC, t(46) = 1.89, p = .065, Cohen’s d = .54. 
 
Experiment 2 
Methods 
Participants 
Participants were a subgroup of those from Experiment 1.  They were 25 
non-demented PD patients, including 17 LPD (10 men, 7 women, mean age = 
64.2, SD = 6.9), 19 RPD (11 men, 8 women, mean age = 64.6, SD = 6.4) and 17 
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NC (6 men, 11 women, mean age = 64.6, SD = 9.1).  The groups did not differ 
significantly in terms of age, F(2) = .03, p = .97 or male:female ratio χ2 (2) = 2.5, 
p = .29. LPD had a Hoehn and Yahr range of 1-4, with a median of 2, and RPD 
had a range of 1-3 and a median of 2; the two groups did not differ significantly, 
Kolmogorov-Smirnov, p = .21.  
 
Stimuli and procedure 
 The stimuli and procedures, shown in Figure 3, were generally similar to 
those described for Experiment 1.  A fixation cross was used to ensure that the 
stimulus was processed by the same part of the retina for all participants.  The 
stimulus was a black horizontal line 15.9 degrees in length and 7 arc min in 
width, with a perpendicular hatchmark 3.0 degrees in length and 7 arc min in 
width, both presented on a gray background.  The fixation cross was positioned 
in the center of the screen, and participants were instructed to look directly at it 
each time it appeared.  After 1000 msec, the horizontal section of the hatchmark 
was overlaid with a long horizontal line offset from center, such that the left or the 
right half of the line was longer than its opposite half.  There were 8 different left-
lengths (with right length being held constant; four decrements [-54 pixels, -27, -
13, -6] and four increments [54, 27, 13 and 6] for the left half of the line), and 8 
different right-lengths used.  The task was to determine whether the fixated 
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hatchmark was to the left or the right of the long horizontal line’s center.  All 
conditions were presented in a random order, and each was repeated 8 times.  
Data were averaged across sides such that, for example, a decrement of 54 
pixels on the left side of the line was pooled with an increment of 54 pixels on the 
right side of the line.   
 
Eye-tracking apparatus: 
Eye-tracking and recording were performed using an Applied Science 
Laboratories (ASL) eye-tracking system.  A model D6 camera array was located 
underneath the stimulus monitor, and used infrared light to discern the 
participant’s pupil position and corneal reflection.  These reflection points 
were monitored with Eye-Trac software to locate the position of the participant’s 
eye, and sampled at a rate of 120 Hz, with a maximum accuracy of 0.5 degrees 
of visual angle.  Although the participant used binocular vision for the experiment, 
only their left eye was tracked.  A 9-point calibration sequence was administered 
at the beginning of the session and as needed during testing to ensure that the 
equipment was accurately calculating the participant’s gaze relative to the display 
for the duration of the experiment.   Eye-tracking data were processed 
with MATLAB.  Trials where the participant’s gaze was more than 3 degrees of 
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visual angle leftward or rightward of the fixation cross, or where a saccade was 
made during the stimulus presentation, were eliminated. 
 
Results 
Response as a function of line-end position 
The results were analyzed using only the trials on which participants 
maintained fixation within 2 degrees vertically and horizontally of the fixation 
cross’s middle.  A mixed model ANOVA, with group (RPD, NC or LPD) and line-
end-position (8 levels) showed a significant effect for line-end position, F(3.7, 
157.2) = 322.9, p < .001, η2= .80, but not for group, F(2, 42)  = 1.13, p = 0.33, 
η2= 05.  The interaction between group and hatch position was not significant, 
F(7.5, 157.2) = .26, p = .77.   
Using the PM data, there were no group differences, F(2, 49), = .38, p = 
.69, , η2= .02.  A t-test comparing LPD and NC showed no difference, t(30) = .58, 
p = .56, Cohen’s d = .21.  Since the sample here was a subsample of those 
subjects in Experiment 1, we reexamined the Experiment 1 data using only those 
individuals who participated in Experiment 2 as well, to determine whether the 
difference in results between the two experiments was due to the different 
samples, or due instead to the difference in experimental procedures and stimuli.  
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A t-test comparing NC and LPD was not significant t(29) = 1.4, p = .17, and 
Cohen’s d was slightly smaller, d = .48.  Performance on the two tasks in LPD 
was moderately but non-significantly correlated r(20) = 0.47, p = .07.  The 
similarity of the Experiment 1 results between the subsample and the entire 
sample suggest that the difference between the results in Experiments 1 and 2 
can be attributed to differences in procedure (use of fixation cross in Experiment 
2 only), rather than sampling differences.   
 
Experiment 3 
Methods 
Participants 
 Participants were a subgroup of those who were assessed in Experiment 
1.  There were 13 LPD (6 men, 7 women, average age 64.1, SD 6.6), 13 RPD (6 
men, 7 women, average age 65.0, SD 5.4) and 9 NC (3 men, 6 women, average 
age 67.9, SD 9.3).  The groups did not differ significantly in terms of age, F(2) = 
.40, p = .67, years of education, F(2) = 1.8, p = .18, or MMSE (F(2) = 1.54, p = 
.23).  LPD Hoehn and Yahr scores ranged from 1-2 with a median of 2, and RPD 
ranged from 1-3 with a median of 2; the two groups did not differ significantly, 
Kolmogorov-Smirnov, p = .29. 
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Stimuli and procedure 
 The stimuli comprised a set of horizontal lines placed upon standard 
computer paper.  Participants viewed the paper in landscape view, with the lines 
oriented horizontally, and were instructed to make a slash or hatchmark where 
they thought the middle of each line was located.  There were 4 line lengths (192 
mm, 96 mm, 48 mm and 24 mm).  Each line length was presented three times, 
one line staggered to the left, one in the center, and one staggered to the right, to 
eliminate the influence of where on the page the lines were shown.  The 
centerpoints of the lines were measured to the nearest half millimeter, and were 
converted to a percentage of the line length away from the line’s center.  
Leftward deviations were coded as negative values.   
 
Results 
 A two-way ANOVA with group (LPD, RPD or NC) and line length as 
variables showed no significant effect for line length, F(2.6, 86.9) = 1.94, p = .14, 
η2=.06, or for group, F(2,33) = .09, p = .91, η2= .01.  There was no interaction 
between the two, F(5.3, 87.0) = .33, p = .90, η2= .02. LPD did not differ from NC 
in a one tailed t-test, t(20) = .84, p = .21, Cohen’s d = .08.  In fact the very small, 
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non-significant effect size here is in the opposite direction as what would be 
expected if LPD were to show neglect.  Examining the data from Experiment 1 in 
only those who also participated in Experiment 3, the effect of LPD neglect was 
similar to that reported in Experiment 1, but was not significant presumably due 
to reduced power.  LPD bisected rightward of NC at a trend level, as shown in a 
1-tailed t test, t(19) = 1.49, p = .076, Cohen’s d = .63.     
The PM values from Experiment 1 were correlated with the longest line 
length from Experiment 3 in PD overall, r(26)=.51, p = .008.  The longest line 
length was used because, of the four lengths used, we expected to find the most 
neglect at this length, based on a previous study (Lee et al., 2001).  In the LPD 
and RPD groups, the correlations were similar; for LPD r(13) = .56, p = .049, and 
for RPD, r(13) = .51, p = .08.  Performance on the two tasks was not correlated in 
NC, r(9) = -.03, p = .94.   
 
Discussion 
The present study of PD measured the perception of line length on two 
psychophysical line bisection tests that eliminated eye movement factors, as well 
as on a traditional line bisection test.  For horizontal lines, LPD showed neglect-
like rightward bias on a psychophysical version of the line bisection test, where 
no eye movements were made during stimulus presentation (Experiment 1).  On 
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a vertical version of the same task, LPD showed a bias to view the midpoint of 
the line shifted up from its physical location.  
 
Hemineglect in LPD:  
 Our results address the role of saccades in spatial bias in LPD.  A recent 
study found that PD displayed reduced saccadic amplitude while exploring a 
visual stimulus, and its authors suggested that this reduced amplitude may 
contribute to neglect in PD (Matsumoto et al., 2011).  In the present study, the 
significant rightward bias of LPD relative to NC in Experiment 1, where eye 
movements could not be made during stimulus presentation, indicates that a 
perceptual bias consistent with neglect does exist in LPD, and that it is 
independent of saccadic abnormalities. 
In Experiment 2, where gaze was controlled using a fixation cross and 
trials were excluded for which fixation was not maintained, the effect size 
comparing LPD and NC was smaller than in Experiment 1 though not completely 
diminished.  This pattern of results suggests that gaze bias may play a role, 
though not solely determine, neglect-like performance in LPD.  
 Finally, in Experiment 3, neglect-like performance on a traditional paper-
and-pencil line bisection test did not emerge in LPD. In light of previous studies 
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showing neglect on line bisection tests in LPD, this result merits discussion.  The 
lack of a significant finding here when considered in conjunction with two other 
studies that failed to replicate neglect in line bisection in LPD (Davidsdottir, 
Wagenaar, Young, & Cronin-Golomb, 2008; Laudate, Neargarder, & Cronin-
Golomb, 2013) suggests that the effect in LPD may not be robust. It may be that 
the effect of neglect in LPD is small, and underpowered samples such as those 
described by Lee and colleagues (2001) accordingly would find a significant 
effect only some of the time. 
Besides lack of robustness of LPD-neglect as an explanation for mixed 
results in the literature, an alternative (or additional) explanation arises from 
potential differential sensitivity of various line-bisection tests that have been used 
in different studies.  It is noteworthy that the subsample in our study that did not 
exhibit significant neglect on the paper-and-pencil version of the test showed 
neglect on the psychophysical version, with an effect size very similar to that in 
the full sample of Experiment 1. Further, the data from Experiments 1 and 3 were 
correlated in PD, suggesting that for those individuals with PD with a tendency 
toward it, neglect emerged on both tasks, with and without eye movement.  That 
is, the lack of neglect in LPD in Experiment 3 was not due to a difference in 
sampling; instead, the psychophysical test was more sensitive than the traditional 
line-bisection test to the perceptual disturbance causing the biased performance. 
It may be that paper-and-pencil line bisection is subject to increased error 
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variance (perhaps stemming from motor difficulties, for example) relative to 
psychophysical line bisection.   Future studies assessing neglect should consider 
the psychophysical approach as opposed to paper-and-pencil versions.  
Biased eye movements and/or perceptual processing do occur in LPD, 
although they may not systematically manifest themselves on line bisection 
tasks. Regarding biased eye movements, two studies have shown that LPD may 
explore the right half of a visual stimulus more than the left (Ebersbach et al., 
1996, Laudate et al., 2013). A bias in perceptual processing could stem from or 
cause this bias in exploratory eye movements. For example, previous studies 
found that LPD displayed a systematic bias to underestimate the size of 
rectangular stimuli on the left when comparing them to those on the right (Harris, 
Atkinson, Lee, Nithi, & Fowler, 2003), showed a rightward bias on perception of 
egocentric reference point, and showed vision-guided lateral drift to the right 
while walking (Davidsdottir et al., 2008; Young et al., 2010). The results of the 
studies of size estimation (Harris et al., 2003) and optic flow and egocentric 
reference (Davidsdottir et al., 2008) were interpreted as possibly suggesting that 
the perception of space is compressed in the left visual field of these individuals.  
Those with PD may experience a depletion of dopaminergic projections into the 
parietal lobe (Halligan & Marshall, 1991; Hurford, Stringer, & Jann, 1998; Fleet, 
Valenstein, Watson, & Heilman, 1987; Corwin, Kanter, Watson, Heilman, 
Valenstein, & Hashimoto, 1986; Clower, Dum & Strick, 2005), which is important 
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in the representation of visual space (Halligan & Marshall, 1991; Sheremata et 
al., 2010; Thiebaut de Schotten et al., 2005).  It is therefore possible that the 
relative weighting of the left side of space is reduced or compressed due to a 
decreased signal from the brain areas responsible for the representation of left-
space in LPD (e.g., the right parietal lobe; Harris et al. 2003; Davidsdottir et al., 
2008). It is also possible that altered spatial attention plays a role in perceptual 
abnormalities in LPD. 
 
Vertical line bisection 
 A bias in LPD performance occurred with respect to the upper and lower 
visual fields; LPD viewed the hatchmark as above the center less frequently than 
RPD and NC.  Vertical-axis bias has been shown previously in LPD, with 
conflicting results (Laudate et al., 2013; Lee et al., 2001).  Lee and colleagues 
found that LPD estimated a vertical line’s midpoint to be below its physical 
center, whereas control adults and RPD did the opposite.  Laudate and 
colleagues, by contrast, found that LPD estimated the midpoint of horizontal lines 
to be further above the physical center than control adults and RPD.  It is unclear 
why the two previous studies found conflicting results, though both were based 
on small samples.  The present data are consistent with those of Laudate and 
colleagues, and in the opposite direction of Lee and colleagues.  Of relevance to 
  
34 
 
the present discussion, in both previous studies, eye movements were free to be 
made during what was an unlimited stimulus presentation time.  The results of 
these studies are therefore ambiguous as to why LPD performed as they did 
(bisecting lines below or above their true vertical center), since they could be 
explained by eye movement differences, or by altered perception of the upper 
visual field of space.  In the present study, LPD perceived the vertical line’s 
midpoint as being above its physical position, and since scanning of the target 
was not possible, an abnormality in processing of up- or down-space appears to 
exist in LPD independently of saccadic abnormalities.  
 
Limitations of the present study 
The present work was subject to several limitations.  First, the difference 
in sample size across the three experiments means that less power in 
Experiments 2 and 3 could have contributed to the lack of significant neglect 
effects in LPD. The use of effect sizes to compare across studies is a helpful but 
not a foolproof way to deal with this difference in power.  A second limitation is 
the lack of eye tracking in Experiment 1.  It would have been useful to see if gaze 
bias in that experiment (using eye tracking but not requiring central fixation) 
predicted line bisection performance.  A third limitation relates to the line lengths 
used in our stimuli.  Neglect in LPD previously had been shown primarily using 
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longer line lengths than used in the present study.  We used lines of 
approximately 16 degrees of visual angle due to constraints of a standard 
computer monitor.  Future studies should use a projector or other methods to 
increase the visual angle of lines when studying neglect in LPD.  Fourth, we 
focused on LPD and found that some of these participants showed notable 
neglect-like biases, but so did some with RPD, as well as some NC (see PM 
scatter plots, Figure 2).  Side of motor-symptom onset is likely only one factor 
accounting for a relatively small amount of the variance in line bisection in PD, 
and spatial biases that occur in healthy individuals are a potentially informative 
topic that to date has received little attention. 
A final limitation is that the present study used pupil position and corneal 
refraction to estimate gaze position.  This is the standard in the field, but the 
approach is limited because it provides only the position that the observer gazes 
when he or she attempts to view various points on the screen during calibration.  
If, as is quite possible in PD (and in healthy individuals as well), observers are 
looking elsewhere from where they are intending to look, this information would 
not be conveyed by standard eye-tracking systems.  This scenario seems 
plausible in PD especially. Where humans perceive themselves to be looking is 
determined by a combination of factors, including keeping track of a series of 
corollary discharges offered by the brain during each eye movement.  These 
discharges have recently been proposed to be altered in PD (Diederich, 
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Stebbins, Schiltz, & Goetz, 2014).  If the corollary discharges do not match the 
executed eye movements, the individual may not be looking where they think 
they are looking.   The use of magnetic contact lenses to estimate eye gaze can 
provide a more accurate estimate of the absolute position of gaze but is 
associated with its own set of difficulties, including participant discomfort.  
 
Conclusions 
 The results of the present study indicate that neglect, as indexed by 
performance on horizontal line bisection, occurs in LPD, and that a 
psychophysical version of the test is more sensitive to neglect than a traditional 
paper-and-pencil version of the test.  In addition, a vertical bias in LPD also 
occurs.  The lack of neglect on a classic line bisection test suggests that the way 
forward in this area of research is to use significantly larger sample sizes than 
are represented in many published reports, and to use psychophysical task 
designs.  A reasonable additional strategy would be to first select those 
individuals with directional bias on multiple neuropsychological tests and then 
test them further to understand the mechanisms behind the bias.  The present 
data from line bisection suggest that those with neglect will not all have LPD, and 
not all LPD individuals will have neglect.  Understanding the mechanisms driving 
hemispatial neglect in PD, together with further elucidation of the extent to which 
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these individuals’ altered perception is problematic in daily life, may offer insight 
into possible routes toward remediation. 
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Figure 2.1: Experiment 1 line bisection task. The task begins with a blank screen 
that is present for 1000msec. A horizontal line with a vertical hatchmark to the left 
or right of the horizontal line’s midpoint is then presented for 83msec. The 
observer is instructed to verbally respond “left” or “right” after the bisected line 
disappears. 
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Figure 2.2 A) Horizontal line bisection, Negative values on x axis refer to left 
offset. LPD responded “rightward of center” less often than RPD and NC at 
hatch-positions near the midpoint of the horizontal line. RPD and NC showed a 
similar trend for all hatchmark positions. B) Vertical line bisection. Negative 
values on x axis refer to downward hatch offset LPD perceived the hatch as 
above center less frequently than RPD and NC, especially when the hatchmark 
was in the upper hemifield, and near the center.    
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Figure 2.3: Experiment 2 line bisection task. The task began with a fixation cross 
presented in the center of the screen. After 1000 msec, a horizontal line was 
positioned over the horizontal portion of the fixation cross so that the vertical 
portion of the fixation cross formed a vertical hatchmark, offset to the left or right 
of the horizontal line’s midpoint. The horizontal line was left onscreen for 100 
msec, after which participants were instructed to verbally respond “left” or “right” 
if the vertical hatchmark bisected the line left or right of the horizontal line’s 
perceived center.  
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Figure 2.4: Horizontal line bisection, Experiment 2.  LPD tended towards 
responding “right of center” less often than RPD or NC at hatchmarks that were 
truly left of center, but the group differences were not statistically significant. 
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CHAPTER 3 
Study 2: Normal spatial frequency and contrast discrimination across 
visual hemifields does not support spatial compression hypothesis in 
hemi-Parkinson’s 
1.  Introduction 
Recently an emphasis has been placed on exploring the non-motor 
aspects of Parkinson’s disease (PD) such as cognitive and perceptual 
disturbances, which substantially impact quality of life beyond the disease’s 
classical motor symptoms (Cronin-Golomb, 2013).  PD is usually asymmetrical in 
its onset, and individuals whose motor symptoms start on the left side of their 
body (LPD) have shown particular perceptual abnormalities that are suggestive 
of a mild form of visuospatial neglect. First, those with LPD have been shown to 
bisect lines in a way that is consistent with neglect, perceiving the middle of the 
line to be shifted rightward from its physical location (Lee, Harris, Atkinson, & 
Fowler, 2001). Second, they more frequently begin exploring a stimulus by first 
gazing to its right side than its left side, which is opposite to the pattern seen in 
healthy control adults and in PD with right side onset (RPD) (Ebersbach et al., 
1996).  Third, LPD view objects on the left as smaller than they really are, as 
compared to objects on the right side of space (Harris, Atkinson, Lee, Nithi, & 
Fowler, 2003).  These perceptual disturbances may have negative effects on 
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daily life:  LPD more frequently report bumping into the left side of doorways 
(Davidsdottir, Cronin-Golomb, & Lee, 2005), and it takes little imagination to 
generate additional sequelae in walking, navigation, and especially in regard to 
driving.  
Despite the clinical importance of this phenomenon in LPD, the functional 
mechanisms underlying neglect in LPD remain unknown.  At a 
neurophysiological level, the differential deterioration of the right hemisphere, 
which accounts for the fact that motor symptoms begin on the left side of the 
body, also presumably accounts for perceptual disturbance in LPD (Cronin-
Golomb, 2010). At a functional level, the mechanisms underlying neglect are less 
certain.  One explanation that has been offered to explain neglect-like 
performance in LPD is that the representation of the left side of space is 
compressed in these individuals (Davidsdottir, Wagenaar, Young, & Cronin-
Golomb, 2008; Harris et al., 2003).  If this were the case, it might explain why 
some LPD bisect lines rightward of their true center, because the left portion of 
the line would be compressed and therefore appear smaller—leading to a shift of 
perceived center. Another possibility is that visual signals (such as salience or 
contrast) in the left hemifield are generally weakened in LPD.  If visual signals 
were weakened in the left hemifield relative to in the right hemifield, it might affect 
perception of stimulus length, which would subsequently affect line bisection 
performance.  Such a disparity in signal strength would also seem to be a 
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potential explanation for patterns of exploratory eye movements seen in LPD, 
who tend to begin exploring the right side of a stimulus rather than the left on a 
visual search task (Ebersbach et al., 1996), since the salience of a physical 
stimulus (largely determined by visual signals such as contrast or motion) is an 
important factor in determining where eye movements will be directed (Hart, 
Schmidt, Klein-Harmeyer, & Einhauser, 2013). 
In the present study, we tested both of these hypotheses using 
psychophysical methods. To avoid the potential confound of biased eye 
movements, we employed a brief presentation time in both tasks (<100 msec) 
and used eye tracking to ensure fixation in the center of the screen.  The spatial 
compression hypothesis was assessed using a task in which the spatial 
frequency of an object on the left was compared with the spatial frequency of an 
object on the right.  Healthy adults show mild spatial compression of the left 
hemifield on spatial frequency discrimination tasks (Edgar & Smith, 1990).  For 
the hypothesis to be supported, LPD (relative to the control group) would have to 
overestimate the spatial frequency of objects in the left hemifield as compared to 
those in the right hemifield.  The reduced salience hypothesis was tested in a 
similar way, but using contrast as the physical metric of comparison rather than 
spatial frequency.  For the reduced salience hypothesis to be supported, LPD 
would have to underestimate the contrast of stimuli in the left hemifield as 
compared to those in the right.   
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2.  Experiment 1 
2.1  Methods 
2.1.2  Participants 
Thirty-one non-demented individuals with Parkinson’s disease (15 LPD 
and 16 RPD) and 16 normal control adults (NC) participated in the study. 
Demographic and other participant information is shown in Table 1. The groups 
were matched on age, education, male:female ratio, and premorbid intelligence 
as measured by the vocabulary section of the Wide Range Achievement Test 
(Wilkinson, 1993).  Potential participants were excluded from the study on the 
basis of having neurological conditions other than PD, coexisting serious chronic 
medical illnesses including psychiatric illness, use of psychoactive medication 
besides antidepressants and anxiolytics in the PD group, history of intracranial 
surgery (e.g., deep brain stimulation or other invasive PD treatments), traumatic 
brain injury, current alcohol dependence or substance abuse.  All participants 
except two RPD, one LPD, and two NC received a detailed neuro-
ophthalmological examination to rule out visual disorders including significant 
glaucoma, cataracts, or macular degeneration. All participants were screened for 
dementia using the Columbia Modified Mini-Mental State Examination (MMSE) 
(Stern, Sano, Paulson, & Mayeux, 1987). The minimum score for inclusion in the 
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study was 27. The LPD and RPD groups each had a median Hoehn and Yahr 
score of 2, with most being at a mild to moderate motor stage. The range of 
scores for LPDs was between 1 and 4 (single individual for the latter) and the 
range of scores for RPDs was between 1 and 3. LPD and RPD did not differ 
significantly on their Hoehn and Yahr scores (Kolmogorov-Smirnov, Z = .97, p = 
.31) nor on motor severity as measured by the Unified Parkinson’s Disease 
Rating Scale (UPDRS)  (Movement Disorders Society Task Force on Rating 
Scales for Parkinson’s Disease, 2003).  The Beck Depression Inventory II and 
Beck Anxiety Inventory were administered to ensure that the groups were 
matched on mood (Beck & Steer, 1993; Beck, Steer, & Brown, 1996).   
 
2.1.2  Stimulus and procedures  
Data were obtained in compliance with regulations of the Institutional 
Review Board of Boston University, in accordance with the Declaration of 
Helsinki.  All participants provided informed consent. 
The stimulus was a pair of static Gabor patches, presented side by side as 
shown in Figure 1a.  One was designated as the “test”, meaning its spatial 
frequency (SF) varied from trial to trial, and the other was designated as the 
comparison, meaning it was held constant throughout the testing block.  In each 
trial, the task was to determine which grating, the test or the comparison, had the 
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higher SF ( i.e., thinner bands of light and dark), while fixating on the center 
cross.  Eye tracking was used to ensure fixation, as detailed below.  The test 
grating’s SF was adjusted over 20 trials in response to the participant’s 
responses, according to a QUEST procedure (quantile method) (Watson & Pelli, 
1983). The test grating’s SF was adjusted broadly at the start of the procedure, 
and became more fine-tuned as it progressed (Figure 1b), approaching the 
participant’s point of subjective equality (PSE) regarding the two gratings’ SF.  
The PSE was quantified as the average of test SF at each of the points at which 
the staircase changed direction (e.g., from increasing to decreasing SF), 
excluding the first 5 trials, in which SF varied quite widely. 
A PSE was derived for each test condition (when it was on the left versus 
the right), and converted to a percent of spatial compression.  The contrast of the 
comparison grating was set at 31% Michelson contrast.  The contrast of the test 
was randomly jittered by up to 1.2 log unit in either direction (above or below the 
comparison’s contrast), but was centered on 0.3 Michelson contrast also.  This 
was done in order to remove the potential confound that the perceived contrast of 
a visual object is affected by its spatial frequency (Robson & Campbell, 1997), 
and presumably vice versa.  Jittering the contrast of the test ensured that 
participants could not use the perceived contrast of the Gabor patches (linked to 
SF) as a cue to help them do the task.  Stimulus duration was 50 msec.  Stimuli 
were programmed using Psychophysics Toolbox and MatLab (Brainard, 1997) 
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and were presented on a 21” CRT monitor (Hewlitt Packard FP2141SB) running 
at 120 Hz.   
The procedure was done separately with the test in the left hemifield and 
in the right hemifield, and a separate PSE was attained for each.  This meta-
procedure was then repeated at four baseline SFs:  0.5, 1.0, 2.0 and 4.0 cpd. For 
example, with the Gabor patch on the left (the comparison) set to the baseline SF 
of 1 cpd, the Gabor patch on the right (the test) might be initially chosen to have 
a higher SF than that of the test (e.g., 1.8 cpd).  The participant would report that 
the SF of the grating on the right was higher than that of the grating on the left; 
this response would cause the SF of the grating on the right to be reduced on the 
next trial. This procedure was repeated for 20 trials over which the SF of the 
adjusted grating approached the point at which the participants thought that the 
two gratings had equal SFs (as shown in Figure 1b).   
Half of the participants in each participant group reported which gratings 
had a higher SF and half reported which grating had a lower SF in order to 
control for any effect of higher-order cognition or bias in saying the word “right” or 
saying the word “left” that might exist, particularly in individuals with PD who 
often have a “good side” or “bad side”. The test was explained in the following 
way: “Tell me which blob, the one on the left or the right, has thinner (or thicker) 
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lines.” A demonstration of the test was repeated until the participant answered 
with a high degree of accuracy. 
 
2.1.3  Eye tracking 
An ASL Eye Trac Six camera was used to ensure maintenance of fixation 
during the task (for details see Laudate, Neargarder, & Cronin-Golomb, 2013).  
Eye gaze was recorded during each 50 msec trial at 120 Hz, resulting in 6 
samples per trial.  The gaze position across those six frames was averaged to 
produce a single point of gaze for each 50 msec trial.  Three metrics were 
calculated for each participant across all trials in each condition.  First, the 
average horizontal and vertical components of gaze position were taken by 
averaging the x and y coordinates of the individual trials.  Second, the standard 
deviation was taken across all trials and conditions.  Third, the proportion of trials 
was recorded for which participants maintained fixation within 3 degrees of visual 
angle of the center of the screen.  
 
2.1.4  Statistical Analysis  
PSE scores were analyzed in the following way.  For the condition in 
which the test stimulus was on the left, the PSE was converted to a percentage 
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of the baseline SF.  For example, where the SF was 0.5 cpd, if a participant’s 
PSE for the test grating was 0.51, then the PSE score would be considered 2% 
higher than the test.  If the test were on the right, this would represent 2% spatial 
compression at 0.5 cpd baseline SF.  If the test were adjusted to be .49 cpd, then 
it would represent -2% spatial compression at the same baseline.  If the test were 
on the left, the sign of these percentages would be reversed.  Ultimately, the 
negative of the test-left condition was averaged with the test-right condition to 
produce a spatial compression score, the units of which are percentage of spatial 
compression of the left hemifield.  The hypothesis that spatial compression 
occurs in LPD was tested by performing a mixed model analysis of variance 
(ANOVA) on the averaged spatial compression scores at each SF, with group as 
the between subjects variable, and SF as the within subjects repeated measure.  
The spatial compression hypothesis would be supported if a main effect for group 
or an interaction between group and SF emerged, driven by LPD’s increased 
spatial compression index at one or more SF’s.  
 
2.2  Results 
Results are shown in Figure 2.  There were no group differences in the 
main ANOVA comparing LPD, RPD and NC across the four baseline spatial 
frequencies in their degree of spatial compression, F (2, 44) = 1.1, p = .34, η2= 
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.05.  There was a significant effect for SF, F(2.6, 116.3) = 5.5, p = .002, , , η2 = 
.11, characterized by each group’s spatial compression bias decreasing as SF of 
the comparison increased. There was no interaction between group and SF, 
F(5.3, 116.3) = .21 , p = .96, , η2 = ..01 .  To summarize, there were no group 
differences, and LPD showed (non-significantly) less spatial compression than 
NC; the opposite result that would be expected by the spatial compression 
hypothesis. 
One way ANOVAs were performed across groups for horizontal and 
vertical gaze position and standard deviation, as well as proportion of trials 
fixated. Groups did not differ in any of the eye tracking metrics computed: 
horizontal gaze position, F(2,45) = .14, p = .87, η2 = .01, vertical gaze position, 
F(2,45) =2.99, p = .06, η2 = .13, horizontal spread, F(2,45) = 1.91, p = .16, η2 = 
.08, vertical spread,  F(2,45) = .71, p = .50, η2 = .03, and proportion of trials 
successfully fixated F(2,45) = .57, p =.57, η2 = .03.   
  
3.  Experiment 2  
3.1  Methods 
3.1.1  Participants 
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Participants were the same as in Experiment 1 except for one fewer LPD, one 
fewer RPD, and two fewer NC, who were unavailable for repeat testing.  The 
groups continued to be matched for all variables as described in Experiment 1. 
 
3.1.2  Stimulus and Procedures 
The stimulus was a pair of sinusoidal Gabor patches, one on the left and 
one on the right of a central fixation cross (Figure 3a).  The task was to compare 
the contrast levels of the two Gabors (one designated as the test, the other the 
comparison) while fixating on the center cross. Eye tracking was used to ensure 
maintenance of fixation, in the same manner as Experiment 1.  The comparison 
patch was held constant at 31% Michelson contrast throughout the testing block, 
and the test patch was set at one of 8 predetermined levels: 0.5, 0.667, 0.9, 0.95, 
1.05, 1.1, 1.2, and 1.4 times the contrast of the comparison.  There were 8 
repetitions per condition, 8 test contrasts, and 2 test/comparison positions 
(left/right or right/left), for a total of 128 trials.  The SF of both test and 
comparison Gabors was set at 1 cpd.  Again, trials where the test was on the left 
were interspersed with trials where the test was on the right.  The proportion of 
trials on which the participant reported, “right has higher contrast” (or one minus 
the proportion of trials reported as “right has lower contrast” for participants 
reporting in this way) was calculated at each test contrast. Contrast bias across 
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hemifields was considered to be the difference between this proportion when the 
test was on the right and the same proportion when the test was on the left at 
each test contrast level (Figure 3b).    
Similar in procedure to Experiment 1, half of the participants reported 
which of the two patches had the higher contrast, and the others reported which 
had lower contrast.  The task was explained in this way: “Tell me which blob has 
a higher contrast, or appears more vivid to you. It will have brighter brights and 
darker darks than the other.” If the participant was assigned to report the lower 
contrast patch, the task was explained in the following way: “Tell me which of the 
two blobs, left or right, appears fainter than the other.”  The purpose of splitting 
the form of reporting percepts (high versus low contrast) was to avoid the 
confound of any non-perceptually-driven biases to say left or right.  A 
demonstration was done for this task to ensure that the participants understood 
the instructions.    
 
3.1.3  Eye tracking 
Eye tracking procedures were the same as in Experiment 1. 
 
31.4  Data Analysis 
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 The main analysis was a repeated measures ANOVA on bias scores with 
group as the between subjects variable (3 levels, LPD, NC, RPD), and test-
contrast as the within subjects repeated measure (8 levels corresponding to the 8 
contrasts used for the test grating). 
 
3.2  Results:  
3.2.1  Performance  
Results are shown in Figure 4.  LPD did not show a bias in either 
hemifield, nor in the overall bias between the two hemifields.   That is, LPD did 
not view gratings on the left as less salient than those on the right. A mixed 
model, two way ANOVA across groups and contrast level of the test grating 
showed no effect for group F(2,40) = .25, p = .78, η^2 = .01, or contrast level of 
the test grating F(3.3, 132.8) = 1.1, p = .36, η^2 = .03. There was also no 
interaction between the two variables, F(6.6, 132.8) = .40, p = .90, η^2 = .02.   
 
3.2.2  Eye Tracking  
As in Experiment 1, groups did not differ in any of the eye tracking metrics 
computed.  One way ANOVAs showed no group differences for horizontal gaze 
position, F(2,42) = .25, p = .78, η2 = .01, vertical gaze position, F(2,42) = 2.4, p = 
.11, , η2 = .11, horizontal spread, F(2,42) = 1.4 p = .26, , η2 = .07, vertical spread,  
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F(2,42) = .49, p = .61, , η2 = .03, and proportion of trials successfully fixated 
F(2,42) = 2.1 , p =.14,  η2 = .10.   
 
4.  Discussion 
We found that individuals with LPD did not show any perceptual biases 
that differed from neurologically healthy control participants.  The results do not 
support the hypothesis, advanced by results of other studies, that LPD perceive 
the left side of space as compressed, and accordingly there is no support for the 
idea that spatial compression is a mechanism for unilateral neglect in LPD.  
There were also no group differences in contrast discrimination biases 
across hemifields.  The results from this task did not support the novel 
hypothesis that in general, visual signals are weakened in the left hemifield in 
LPD.  If the strength of visual signals were reduced overall in the left hemifield in 
LPD, one would expect that objects in the right hemifield would appear to be at 
higher contrast than objects of equal contrast on the left.  This did not occur in 
any of the participant groups in this study, who all performed similarly.  Reduced 
signal strength in the left hemifield in LPD therefore cannot be the mechanism 
underlying unilateral neglect in LPD.    
Two potential confounding variables present themselves in a study of 
perceptual bias preferences of this type, but both were well controlled for in our 
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study.  First, it is possible that participants may have a bias to report “left” or 
“right” more frequently that is independent of stimulus characteristics.  The 
design of the task ensured freedom from the left/right reporting bias because the 
test stimulus was in both hemifields, and half of the participants reported which 
SF was higher, and half reported which SF was lower.  Further, the biases that 
did exist in both LPD and NC were seen only on tests of lower SFs (0.5 and 1 
cpd), suggesting that they were linked to low-level perceptual processing; higher-
order cognitive biases would be expected to affect all SFs similarly. Second, the 
fact that PD is primarily a motor disorder, and that eye movements are affected in 
the disease, would raise the possibility that abnormal eye movements could be a 
factor in neglect. In the present study, however, the stimulus was brief enough to 
prevent any strategic eye movements during its presentation, and eye tracking 
was used to ensure fixation.  Further, if motor deficits affecting eye movements 
were a primary factor in neglect, we would expect to see a symmetrical deficit in 
RPD, perhaps in the opposite direction, since their eye movements should also 
be affected similarly-- but RPD performed similarly to healthy adults on the tasks 
listed above in which LPD show neglect.  It is therefore likely that the results are 
accurate reflections of the perceptual processes involved, rather than the result 
of confounding variables such as eye movement biases or higher-order cognitive 
biases.  In light of other studies showing perceptual biases in LPD (Davidsdottir 
et al., 2008; Harris et al., 2003; Lee, Harris, Atkinson, & Fowler, 2001; Villardita, 
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Smirni, & Zappala, 1983), the lack of abnormal results in LPD in this study 
suggest that such higher-order processes as attentional biases may in fact drive 
the observed perceptual bias.    
 Our sample of LPD, RPD, and NC was larger than those in previous 
studies that have documented unilateral neglect in LPD (Harris et al., 2003; Lee 
et al., 2001).  Like other studies, it was restricted to individuals with only mild to 
moderate PD.  The lack of perceptual biases in the LPD group in the present 
study may be reflective of a true lack of bias in these perceptual processes in 
individuals with LPD at any disease stage, or it could be that biases may arise 
only with advanced disease.  
The task for future research exploring the nature of potential neglect 
syndrome in LPD is clear.  First, the original studies on size and length 
perception in the left and right hemifields should be replicated, as some were 
done with sample sizes under 10 per group (e.g. Lee et al., 2001).  Also, 
assessments should be expanded to include cancellation and other tasks that 
are related to line bisection performance and are typically used for diagnosing 
neglect syndrome (Albert, 1973; Guariglia, Matano, & Piccardi, 2014).  It is 
possible that perceptual biases as measured in the present study are altered in 
PD with hemineglect, but that these individuals are not systematically selected by 
dividing PD samples by side of motor symptom onset.  We recently found that 
LPD as a group exhibited rightward bias on line bisection when measured 
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psychophysically, but also we observed that not all individuals with LPD showed 
this bias, and that there were individuals with RPD who did show the bias.  The 
group difference did not, however, emerge on a traditional paper-and-
pencilversion of the test (Norton, Munro, & Cronin-Golomb, submitted).  Future 
studies should compare discrimination biases with performance on tasks on 
which individuals actually demonstrate neglect: for example, visual stimulus 
exploration, cancellation, and line bisection using long line stimuli.  Results from 
such additional studies could strengthen the claim that behavioral neglect as 
assessed by line bisection tasks is unrelated to perceptual discrimination biases.  
In summary, our findings do not support either of the functional 
hypotheses offered to explain hemineglect in LPD: spatial compression or 
weakened salience of the left hemifield.  The perceptual distortions associated 
with PD are complex. Neglect-like performance by individuals with LPD (or RPD) 
on line bisection tasks and visual exploration tasks presumably reflect altered 
attentional processing rather than the relatively low-level visual processes 
examined in this study. 
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Table 3.1.  
Participant Characteristics.  
Measure 
LPD (n = 
15) 
RPD (n = 
16) 
NC (n = 
17)     Significance 
Age (years) 
63.5 
(7.2) 64.1 (6.7) 
65.6 
(8.0)   NS 
Education (years) 
17.4 
(2.0) 17.2 (1.5) 
17.2 
(1.8)   NS 
Gender (M/F) 8/7 7/9 6/11   NS 
UPDRS Motor 
Score 
19.5 
(7.9) 18.4 (9.6) --   NS 
H & Y Stage 
(median) 2.0 2.0 --   NS 
LED (mg/day) 
488 
(261) 460 (335) --   NS 
Acuity 
0.81 
(0.26) 
0.82 
(0.21) 
0.93 
(0.22)   NS 
BDI-II 5.2 (3.6) 6.7 (5.7) 2.5 (3.8)   NS 
BAI 5.7 (3.7) 7.2 (5.5) 3.1 (4.6)     NS 
  
Note. LPD = left-onset Parkinson’s disease; RPD = right-onset Parkinson’s 
disease; NC = normal control participants. UPDRS = Unified Parkinson’s Disease 
Rating Scale; H & Y = Hoehn & Yahr staging criteria; LED = Levodopa equivalent 
dosage; BDI-II = Beck Depression Inventory – 2; BAI = Beck Anxiety Inventory. 
Values presented are means (standard deviations), unless otherwise indicated.   
* Denotes significant difference when compared to NC (p < .01) 
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Figure 3.1 a. Stimulus and task for Experiment 1, spatial frequency 
discrimination.  Stimulus duration was 50 msec, but fixation cross was presented 
600 msec prior to the Gabor presentation, to ensure participants had time to 
fixate.  b. Illustration of QUEST staircase procedure for determining PSE.   
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Figure 3.2. Results of Experiment 1.  While groups did not differ significantly in 
ANOVA, individuals with left onset Parkinson’s disease (LPD) did show the 
opposite bias pattern as age matched controls (NC).  This bias was in the 
opposite direction predicted by the spatial compression hypothesis.  
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Figure 3.3 a. Stimulus and task for Experiment 2.  b. Derivation of the contrast 
discrimination bias score.  The difference between the two functions shown (test 
on left and test on right) represents the bias.  For participants reporting which 
Gabor was fainter (as opposed to the participant shown, who was reporting 
which Gabor was more vivid), the scores were converted to proportion of trials in 
which the test was more vivid by taking one minus the proportion of trials in 
which the test was reported as more faint. 
.  
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Figure 4. Results of Experiment 2.  There were no significant group differences.   
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CHAPTER 4 
Study 3: Visuospatial attention to single and multiple objects is 
independently impaired in Parkinson's disease 
Introduction 
While Parkinson’s disease  (PD) is primarily considered a motor disorder, 
cognitive and perceptual disturbances also occur and have a  substantial impact 
on the quality of life beyond the disease’s classic motor symptoms (Chaudhuri, 
Odin, Antonini, & Martinez-Martin, 2011; Cronin-Golomb, 2013; Klepac, Trkulja, 
Relja, & Babic, 2008).  One such perceptual-cognitive function that is 
compromised in PD is visuospatial attention.  Researchers have found that 
visuospatial attention, elicited by a cue of some kind, is intact in PD, but that 
individuals with PD disengage their attention more quickly than healthy adults, 
and have weakened inhibition of return (IoR; (Possin, Filoteo, Song, & Salmon, 
2009) (Briand, Hening, Poizner, & Sereno, 2001; Wright, Burns, Geffen, & 
Beffen, 1990).  Sustained visual attention, however, has not been studied in PD, 
and is also important for real-world activities such as driving.  In addition, 
limitations of the previous studies on visuospatial attention in PD leave important 
questions unanswered.  
A principal limitation of the current literature on attention in PD is that most 
studies have required motor execution in performing the task (e.g., pressing a 
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button as quickly as possible in response to a stimulus).  This raises the question 
as to whether individuals with PD are impaired in their visuospatial attention at a 
low (perceptual) level, or instead whether their impaired motor system has 
difficulty taking advantage of a normally functioning attention system.  A second 
limitation is that these studies all measured attention rather indirectly, using 
subtle changes in reaction time or perceptual performance in cue- versus no-cue 
conditions.   These effects are often small and intrinsically linked to noise from 
the non-attention variables to which they are tied, making it difficult to isolate and 
understand changes only in perceptual ability.  For example, one recent study 
attempted to assess covert visuospatial attention in PD by measuring the effect 
of attention drawn by a cue upon contrast sensitivity, but attention did not affect 
contrast sensitivity in either the control or the PD group (Sampaio et al., 2011).  
Therefore, using improvements in contrast sensitivity or reaction time to indirectly 
measure attention will not accurately identify changes in visuospatial attention 
that are in fact due to PD. 
Multiple object tracking, which measures sustained attention, is an 
attractive paradigm for studying visuospatial attention in PD, because motor 
behavior (such as quickly pressing a key) is not critical to the results, and 
because attentional capacity determines the observer’s accuracy on the task.  
Here, spatial attention is spread over multiple targets that move among identical 
distractors (Pylyshyn & Storm, 1988).  The task is to keep track of the target dots 
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(which are indicated at the beginning of each trial) as they move around 
distractor dots.  Unless one successfully deploys attention to the targets, one will 
lose track of them among the distractors Observers are limited in their ability to 
track dots based on the speed, number and spatial characteristics (e.g., proximity 
to distractors) (Bettencourt & Somers, 2009) Franconeri, Jonathan, & Scimeca, 
2010).  This task has been shown to be sensitive to healthy aging and clinical 
disorders, adding to the promise of applying it to PD (Koldewyn, Weigelt, 
Kanwisher, & Jiang, 2013; Pylyshyn & Storm, 1988; Sekuler, McLaughlin, & 
Yotsumoto, 2008). The present study adapted this paradigm to characterize 
visuospatial attention to a single object or to multiple objects simultaneously.  
Use of the multiple object tracking paradigm in PD can also provide 
information on the integrity of the brain’s attentional systems in this disorder. PD 
is a heterogeneous disease that affects several brain regions that play key roles 
in attention, including parietal cortex, prefrontal cortex, and the basal ganglia 
(Ibarretxe-Bilbao, Tolosa, Junque, & Marti, 2009; Pereira et al., 2009; Tinaz, 
Courtney, & Stern, 2011). Prior work indicates that while tracking even a single 
object activates a wide network of brain regions, only a subset of these regions is 
sensitive to the number of objects tracked (Culham, Cavanagh & Kanwisher, 
2001).  If PD patients show a deficit in tracking a single object, and this is tightly 
correlated with tracking multiple objects, it would support the idea that these stem 
from the same mechanism.  If, on the other hand, tracking one object is not 
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correlated with tracking two or more objects, then it can be assumed that distinct 
brain mechanisms are impacted.   
 In Experiment 1, we measured performance in PD and age-matched 
control adults while tracking a single object as a function of the speed of rotation 
of a target dot with a distractor dot with which it was paired.  Attended objects 
can only be shuffled about among distractors at a certain maximum frequency 
before one loses track of the target (Holcombe & Chen, 2012). On the basis of 
shortened sustained covert attention in PD (Wright, et al., 1990), we 
hypothesized that PD would be less accurate than NC in tracking a single object. 
In Experiment 2, we measured multifocal attention in PD and NC as a 
function of spatial arrangement of the stimuli.  Individuals are able to deploy 
spatial attention to multiple locations at once (Pylyshyn & Storm, 1988), but are 
limited in the number of objects they can accurately track.   Of note, the 
resources for tracking exhibit a strong degree of independence between left and 
right visual hemifields, meaning that nearly twice the number of objects can be 
tracked at once if they are distributed across hemifields as opposed to within a 
hemifield (Alvarez & Cavanagh, 2005) .  In Experiment 2, we took advantage of 
the latter characteristic of spatial attention to test a hypothesis about attentional 
processing in PD.  Rather than measuring accuracy while tracking four objects at 
once (which can be intimidating for some observers), we used only two objects at 
once, but presented them in the same vs. opposite hemifields. We anticipated 
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that PD would show similar impairment in the condition where the targets were in 
opposite hemifields as they showed in Experiment 1, and that these results 
would be correlated, because they should amount to the same task (with each 
hemifield independently tracking one object).  We anticipated that there we also 
be a deficit in tracking multiple objects within a hemifield because of diminished 
sustained attention in general.    
Another aspect of our analysis probed spatial neglect in PD, which, if 
present, might be expected to bring about differential impairment in the left 
hemifield in the affected individuals.  Some studies (Harris, Atkinson, Lee, Nithi, 
& Fowler, 2003; Lee, Harris, Atkinson, & Fowler, 2001a; Villardita, Smirni, & 
Zappala, 1983) have suggested that spatial neglect may exist particularly in 
those for whom the disease began on the left side of the body (LPD).  Up to this 
point, attention has not been directly measured in the left versus right hemifield in 
LPD except through visual exploration tasks (Ebersbach et al., 1996).  The 
present study presented multiple object tracking stimuli in the left and right 
periphery to ensure presentation of the stimuli to the left and right hemifields. We 
anticipated that LPD would show differential impairment in tracking objects in the 
left hemifield, particularly in Experiment 2 when there was a distractor in the right 
hemifield, or when the load in the left hemifield was high (tracking two objects at 
once).  
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Experiment 1 
Methods 
2.1 Participants 
Twenty-six non-demented individuals with idiopathic PD (12 LPD and 14 
RPD) and 21 normal control adults (NC) participated in the study. Demographic 
and other participant information is shown in Table 1; the groups were matched 
on age, education, male:female ratio, and premorbid intelligence as measured by 
the vocabulary section of the Wide Range Achievement Test (Wilkinson, 1993).  
Potential participants were excluded from the study on the basis of having 
neurological conditions (other than PD, for the PD group), coexisting serious 
chronic medical illnesses including psychiatric illness, use of psychoactive 
medication besides antidepressants and anxiolytics in the PD group, history of 
intracranial surgery (e.g., deep brain stimulation or other invasive PD 
treatments), traumatic brain injury, and current alcohol dependence or substance 
abuse.  When possible, participants received a detailed neuro-ophthalmological 
examination to rule out visual disorders including significant glaucoma, cataracts, 
and macular degeneration.  They were screened for dementia using the 
Columbia Modified Mini-Mental State Examination (MMSE)(Stern, Sano, 
Paulson, & Mayeux, 1987). The minimum MMSE score for inclusion in the study 
was a 27 out of a possible total score of 30. Disease stage and severity was mild 
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to moderate as indicated by the range of scores on the Hoehn and Yahr scale (1 
to 3; median 2) and the mean UPDRS motor score of 17.5  (Hoehn & Yahr, 
1967) (Disease, 2003).  The Beck Depression Inventory II and Beck Anxiety 
Inventory were administered to evaluate potential effects of mood on the 
dependent variables (Beck & Steer, 1993; Beck, Steer, & Brown, 1996).   
 
2.2 Stimuli and procedures:  
  Participants were presented a pair of red dots rotating around a central 
location, as shown in Figure 1.  To identify the target, one of the dots briefly 
appeared green before motion onset, and then it turned to red like its partner so 
that the two could no longer be distinguished on the basis of any visual feature 
besides location. Participants maintained fixation on a central cross during the 
task, and the dot pair was presented with its center 9.2 degrees to the left or right 
of the fixation target.  The dots rotated either counter clockwise or clockwise for a 
quarter of a full rotation.  The direction of the dots was reset every quarter turn 
randomly, so that they could either proceed in the same direction as the previous 
quarter turn, or could reverse direction. In this way, the only way to maintain 
knowledge of which dot was the target was to follow it with one’s “attentional 
spotlight”.  After three seconds, the dot motion stopped, and one of the dots 
turned green.  The task was to indicate whether this green dot at the end of the 
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trial was the same dot as the green target in the beginning of the trial.  Dots 
subtended 0.54 degrees of visual angle, and rotated with a radius of 1.8 degrees 
from the center point.  The speed of the dots was set to be 4.3, 8.5, 17.2 or 34 
degrees/sec.   There were eight trials at each speed on each side of the screen.  
Of those eight trials, four had the target dot probed at the end, and four had the 
distractor dot probed at the end.  The total was 64 trials (4 repetitions X four 
speeds X two probe conditions X two positions).  Stimuli were programmed using 
Psychophysics Toolbox and MatLab (Brainard, 1997) and were presented on a 
21” CRT monitor (Hewlitt Packard FP2141sb.) running at 120 Hz. 
 
2.3 Eye tracking 
An Applied Science Laboratories Eye Trac Six camera was used to 
investigate maintenance of fixation during the task. Performance in tracking 
single or multiple objects is known to be enhanced by moving one’s gaze to 
follow a single object or the centroid of multiple objects (Fehd & Seiffert, 2008, 
2010). Therefore, it is critical to insure that enhanced performance of one group 
relative to the other cannot be attributed to more extensive eye movements of 
that group. The manufacturer reports that the system accuracy is 0.5 deg of 
visual angle, and the resolution is .25 deg of visual angle.   Eye gaze was 
recorded during each trial at 120 Hz. A threshold of 4.2 degrees of visual angle 
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from the center of the screen was used to mark trials in which fixation was 
broken.   Accuracy data were analyzed using only the trials where fixation was 
not broken. 
 
2.4 Results 
PD vs. NC 
Results for Experiment 1 are shown in Figure 2.  A two way ANOVA, 
across the four speeds, comparing PD and NC showed a main effect for group, F 
(1, 38) =4.4, p =.042, η2  =.10, and speed, F(2.2, 83.9) = 162.9, p <.001 , η2  
=.81, but no interaction between the two (F (2.03, 83.1) = 1.6, p=.20, η2  = .041.   
 In the PD group, participants met the fixation requirement on 83.2% of 
trials (SD = 7.1%), while NC met this requirement on 92.3% of trials (SD = 
13.8%), a significant difference, t(37.4) = 2.4, p = .023. BAI and BDI were not 
correlated with average accuracy on this task in the PD or the NC group (p > 
0.05).   
 
LPD analysis 
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A three-way ANOVA across side of screen, group (LPD n = 12; RPD n = 
14; or NC n = 21) and speed showed a main effect for speed, F(2.2, 100) = 204, 
p <.001, η2 = .82,  but not for group (F2,44) = 2.0, p = .15, eta^2 = .08) or side of 
screen F(1,44) = .04, p = .91, η2 < .01.  There were no significant interactions 
between any of these three variables.   
 
Experiment 2:  
3.1 Participants 
 Participants were a subset of those participating in Experiment 1, and 
included 25 PD (12 LPD and 13 RPD) and 15 NC.   
 
3.2 Stimuli and Procedures 
Procedures were the same as in Experiment 1 except as follows:  First, 
speed was set to 12.8 deg/sec for all trials.  This value was selected based on 
pilot data indicating that this was a speed at which the task was challenging but 
doable for most participants.  Second, there were four dot-pairs presented each 
trial, one in each quadrant of the screen (Figure 3). Two of the dot pairs 
contained a target dot, and participants were instructed to allocate their attention 
to both of them.  Only one dot was probed at the end of the trial: either one of the 
  
76 
 
two target dots, or a distractor dot from the same two pairs.  Third, the dots 
rotated for only 2.1 seconds, rather than 3.0 duration used in the first experiment. 
A task demonstration was done to ensure that the participants understood the 
instructions. 
Since this task is often experienced as very difficult and somewhat 
overwhelming for many participants (regardless of group), an additional condition 
was added to ensure that they were capable of remembering which dots were 
the targets, apart from their movement.  In this condition, the task was the same 
as in the main condition, but the dots did not rotate at all.  In addition to providing 
a control for working memory components of the task, this condition also served 
as reinforcement for participants who were struggling during the test—
occasionally they could provide the correct answer confidently.  
 With respect to the spatial distribution of the targets, there were two 
primary conditions of interest: those when the targets were in the same hemifield 
(SH) and those when the targets were in opposite hemifields (OH).  These two 
conditions comprised 12 spatial arrangements, four for SH, and eight for OH.  
The four in the OH condition were each repeated, in order to match the number 
of trials in the opposite side condition.  Each spatial arrangement was presented 
twice (four times for the SH condition), once probing the target at the end, and 
once probing the distractor at the end.  The total was 32 trials—eight on each 
side of the screen in each spatial condition (targets on same or opposite side of 
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screen). There were also 16 trials presented in the control “stationary” condition, 
eight in which the targets were on the same side of the screen, and eight where 
they were on opposite sides..  For this control condition, the decision as to 
whether to probe the target or the distractor was randomly determined for each 
trial.  One control subject was missing data from the stationary control condition, 
and was replaced with the NC group mean in the analysis using these data. 
When possible, the entire testing block was repeated so that double the trials 
were obtained, in order to enhance reliability (10 PD participants and 11 NC 
participants received double the trials in this way, and there was no difference in 
overall accuracy between those who did and did not complete double the trials).   
 
3.3 Eye tracking 
Eye tracking procedures were the same as in Experiment 1. 
 
3.4 Results 
Performance  
PD vs. NC 
 A two-way ANOVA with group and spatial condition as factors showed a 
main effect for group, F (1, 38) = 5.19, p =.028 , η2  = .12, as well as spatial 
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condition, F (1, 38) = 21.55 , p <.001 , η2  =.362, but no interaction between the 
two, F (1, 38) = .61, p =.439 , η2  =.016.  To control for the effects of the 
stationary condition, we conducted separate one-way ANOVAs on the SH and 
OH spatial conditions, using the corresponding spatial condition in the stationary 
condition as a covariate.  PDs exhibited lower performance than the control 
group when both targets appeared in the same hemifield (Group effect:  F(1,37) 
= 5.2, p = .029,  η2  = .12,), but not for the condition in which one target was in 
the left hemifield, and the other was in the right (Group F(1,37) = .87, p = .36, η2  
=.02).   
PD looked outside the permitted radius more frequently than NC did (PD 
mean 18% of trials, SD 22%, NC mean 4% of trials, SD = 5%), t(28.02) = 3.1, p = 
.005.   As in Experiment 1, the enhanced performance of NCs cannot be 
attributed to their eye movements. Repeating the first analysis using only the 
trials for which participants did not break fixation, the results were similar, with a 
main effect for group, F(1,37) = 5.5, p = .025, η2 = .13 and spatial condition 
F(1,37) = 9.5, p = .004, η2 = .20.  There was again no interaction between spatial 
condition and group F(1,37) = .06, p = .80, η2  = .00.   
 
Correlations 
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 Within the PD group, individual’ accuracy in the SH and OH conditions 
was compared with their averaged accuracy from Experiment 1, to explore the 
extent to which performance in the two conditions reflected the same or different 
mechanisms (Figure 4b).   Accuracy across the four speeds did not correlate 
significantly with accuracy in the SH condition, r(25) = .05, p = .81. Accuracy 
across the four speeds did correlate strongly with accuracy from the OH 
condition, r(25) = .65, p < .001. These two correlations differed significantly 
according to Meng’s Z test (Z22 = 2.70, p =.01). Results of this analysis did not 
change when using only the trials where participants maintained fixation in each 
experiment (Z21 = 2.4, p = .017).  These results imply that different brain 
mechanisms are invoked when multiple targets appear within a single visual 
hemifield than when tracking a single item. 
Clinical variables were not related to accuracy data in Experiment 2.  
Accuracy in the SH condition was not correlated with total score from the UPDRS 
motor exam (r(22) = .12, p = .6), or Hoehn & Yahr stage (r(25) = .18, p = .38).  
Accuracy in the OH condition was also not correlated with the UPDRS motor 
exam total (r(22) = -.21, p = .36) or the Hoehn & Yahr stage (r(25) = -.03, p = 
.88).    Furthermore, OH and SH were not correlated with BDI or BAI scores in 
the PD group (-.07 < r < .02, p > .05) 
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LPD analysis 
 We examined LPD as a separate group and compared them to RPD and 
NC to see if attentional problems in the left hemifield particularly would emerge in 
LPD. LPD and RPD did not differ on any of the demographic variables shown in 
Table 1, or in clinical severity as measured by the UPDRS (p=0.594). If there 
were indeed additional attention problems in LPD, we would expect to find an 
interaction between group and side of the screen, with LPD being more impaired 
when targets were on the left.  The interaction between side and group was not 
significant, however, F(2,37) = 1.0, p = .37, η2 =.05, nor was the interaction of 
side, spatial configuration and group, F(2,37) = .30, p = .74, η2 =.02.   
 
Discussion 
The present study represents the first direct measure of spatial attention in 
PD, and the first measure of sustained attention in PD.  Results demonstrate that 
PD affects the ability to track a single target (Experiment 1) as well as the ability 
to track multiple targets (Experiment 2).  The pattern of correlations in the PD 
group between performance on these tasks suggests that the deficits are 
independent of one another.    
 
What the results say about PD 
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The lack of motor involvement in the task requirements strongly suggests 
that attentional problems in PD begin at a perceptual level.   There are several 
potential explanations for impaired performance by individuals with PD on the 
two attentional metrics.  First, PD has been associated with reduced grey matter 
density in parietal cortex, which is correlated with visuospatial dysfunction 
(Pereira, et al., 2009).  This area is also critical for spatial attention (Mesulam, 
1999; Robinson, Bowman, & Kertzman, 1995).  If neural networks in this area are   
disrupted, performance on attention tasks will be affected.  In addition, the 
substantia nigra (SN) which is the primary target of cell death in PD leading to 
the characteristic motor symptoms of the disease, is directly connected to the 
superior colliculus (SC) (McHaffie et al., 2006; Redgrave et al., 2010).  The SC is 
important not only for determining eye movements but also for maintaining a map 
of salient stimuli in the environment (Hafed, Goffart, & Krauzlis, 2008; Wurtz & 
Goldberg, 1972).  If the SC is dysfunctional, perhaps because of faulty input from 
SN, the spatial salience maps produced in the SC would be impaired, which 
would account for compromised performance on the tasks of the present study.  
At another level of explanation, PD were less successful than NC at maintaining 
fixation during the task, and looked outside the allowable radius from the fixation 
cross more frequently than did NC.  It is possible that this inability to effectively 
maintain fixation arises from the same disrupted underlying mechanism that 
causes attention problems in PD. 
  
82 
 
The results also shed light on the understanding of hemineglect in PD 
(Lee, Harris, Atkinson, & Fowler, 2001b). Deficiencies in applying attention to the 
left side of space would seem to be one possible mechanism underlying these 
results.  The lack of a differential impairment in the left hemifield (or overall, for 
that matter) in LPD in this study suggests that attention of the sort indexed by the 
present task is unlikely to underlie any neglect syndrome that may occur in LPD.  
The current results also have functional implications for individuals with 
PD.  For example, PD is known to negatively affect driving and navigational 
abilities (Crizzle et al., 2012; Uc et al., 2007).  Specifically, road safety errors 
have been linked to impairments in visual perception and cognition in drivers with 
PD, including poorer performance on measures of attention (Uc et al., 2009).  
Given this detrimental impact of attentional difficulties on functional abilities in 
PD, a better understanding of the nature of these deficits may help to inform and 
tailor options for treatment.  Of note, preliminary evidence suggests that 
computer-based cognitive training may be effective in improving attention in 
medical populations, including chronic acquired brain injury (Li et al., 2013) 
(Piccardi, Nico, Beureca, Matano, & Guariglia, 2006) and multiple sclerosis 
(Amato et al., 2014).  Cognitive deficits may appear even in the early stages of 
the disease (Miller, Neargarder, Risi, & Cronin-Golomb, 2013 ) (Dubois & Pillon,  
1997; Pfeiffer et al., 2013), offering clinicians a valuable opportunity for early 
intervention, which shows promise in PD particularly (Chou & Cronin-Golomb, 
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2013; Edwards et al., 2013).  With a better understanding of the nature of the 
attentional deficits in PD, we can hope to develop effective treatments to manage 
cognitive and attentional symptoms during the disease’s early stages and 
ultimately improve overall daily functioning for individuals with this disorder. 
 
What the results say about attention 
 Individuals with PD were impaired in both single and multiple object 
tracking. This difference should not be attributed to the lower rate at which 
individuals with PD held central fixation; they perform better in the single object 
task if their fixation moves with the object, and perform better in the multiple 
object task if their fixation moves with the centroid of the objects (Fehd & Seiffert, 
2008, 2010).  Examining the relation between the two tasks, we found that PD 
performance in the OH condition of multiple object tracking correlated strongly 
with accuracy on single object tracking, but performance in the SH condition did 
not correlate with accuracy on single object tracking.  Since resources are 
strongly independent for tracking objects in the left and right hemifield, the OH 
condition can be viewed as similar to the task in Experiment 1, except that each 
hemifield is engaging in the task at the same time.  The SH condition is 
qualitatively different, however, since multiple objects are being tracked by one 
hemifield. Prior work has demonstrated that a broad fronto-parietal brain network 
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is recruited when tracking one moving object, while only a subset of this network 
is sensitive to the number of objects tracked (Culham, Cavanagh, Kanwisher, 
2001); that is, the brain networks supporting multiple object tracking differ from 
those supporting single object tracking. In the present study, there was a strong 
correlation among participants with PD between performance in the single object 
tracking of Experiment 1 and performance in tracking one object per visual 
hemifield in Experiment 2 (Condition OH); however, there was no correlation 
between the results of Experiment 1 and performance in tracking two objects 
within a single visual hemifield (condition SH). This pattern suggests that the 
critical resource bottleneck differs between the SH and OH conditions. We 
suggest that in the SH condition, the priority map (e.g., Bisley & Goldberg, 2010) 
that represents the spatial location of items of interest is the critical bottleneck; 
while in the OH condition and single object tracking condition, a more central 
attentional structure exhibits modest resource limitation. Moreover, our results 
suggest that in PD both the priority maps and the central attentional mechanisms 
are impaired.   
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Table 4.1.  
Participant Characteristics.  
Measure PD (n=26) NC (n = 22)   Significance 
Age (years) 63.5 (6.4) 67.4 (7.6)  NS 
Education (years) 17.1 (1.8) 17.3 (1.8)  NS 
Male/Female 11/15 7/15  NS 
UPDRS Motor Score 17.57 (7.3 ) --  NS 
H & Y Stage 
(median) 2.0 --  NS 
LED (mg/day) 465.6 (286) --  NS 
Acuity (decimal) 0.85 (0.20 ) 0.87 (0.23)  NS 
BDI-II  6 ( 4.9) 3.3 (3.7)   p<0.05 
BAI 6.4 (4.8) 3.2 (4.3)    p<0.05 
  
Note. LPD = left-onset Parkinson’s disease; RPD = right-onset Parkinson’s 
disease; NC = normal control participants. UPDRS = Unified Parkinson’s Disease 
Rating Scale; H & Y = Hoehn & Yahr staging criteria; LED = Levodopa equivalent 
dosage (Tomlinson et al., 2010); BDI-II = Beck Depression Inventory – 2; BAI = 
Beck Anxiety Inventory. Values presented are means (standard deviations), 
unless otherwise indicated.   
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Figure 4.1. Methods for Experiment 1.  Dots rotated at one of four speeds as 
described in the text, and were placed on either the left or the right of the fixation 
cross on each trial.   
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Figure 4.2. Results of Experiment 1.  PD showed lower accuracy than NC overall  
(p = .049). 
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Figure 4.3. Stimuli and task for Experiment 2.  In this experiment, dots rotated at 
a constant, moderate speed.  The critical variable was the spatial arrangement of 
the two targets, which were placed in either the same hemifield (SH) or opposite 
hemifield (OH) as each other. 
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Figure 4.4 Results of Experiment 2. PD were less accurate than NC overall.   
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Figure 4.5. Correlation of accuracies in the PD group between results on 
Experiments 1 and 2.  PD accuracy in Experiment 2 showed a strong relationship 
to experiment 1 in the opposite-hemifield condition (OH; empty dots) but not the 
same-hemifield condition (SH; filled dots).  
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CHAPTER 5 
General Discussion 
The present work represents a series of studies characterizing perceptual 
and oculomotor deficiencies and biases in Parkinson’s disease.  Three studies, 
each with multiple experiments, were performed using psychophysical methods.  
The purpose of this general discussion is to summarize and integrate the results 
of all three studies in such a way as to provide a comprehensive report of what 
the results mean about perceptual dysfunction in PD generally, LPD in particular, 
and what the data from PD may say about human attention in general.   
 
SUMMARY OF FINDINGS 
 
Study 1 was a comprehensive evaluation of line bisection in LPD.  Line 
bisection has been used as a classic measure of hemineglect, and LPD’s 
performance in past studies had shown results similar to patients with 
hemineglect due to right parietal stroke. Interested in whether saccadic 
dysfunction or biased exploratory gaze were mechanisms underlying neglect in 
LPD in previous studies, saccades and biased gaze were removed as possible 
factors in two separate experiments.  Hemineglect-like performance occurred 
despite the lack of saccades during stimulus presentation; however, it did not 
persist when gaze bias was more carefully controlled using a fixation cross and 
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eye tracking.  In addition, a bias in vertical length perception was found in LPD 
even in the absence of eye movements during stimulus presentation. Finally, in 
an attempt to replicate previous studies using classical paper-and-pencil line 
bisection results, no evidence of hemineglect in LPD was found, suggesting that, 
the novel paradigm used in Experiment One was more sensitive to neglect than 
traditional paper-and-pencil ones.  Paper-and-pencil line bisection performance 
correlated well in both PD groups with the psychophysical line bisection where 
saccades were not possible during stimulus presentation, suggesting that 
performance on the former was not strongly affected by the removal of eye 
movements. Taken together, the results from the three experiments present a 
strong case that both vertical and horizontal biases in line bisection exist in mild 
to moderate left-onset PD, though they may not be robust enough to emerge 
reliably without the use of larger samples and sensitive psychophysical methods.  
The absence of a horizontal bias in the paper and pencil test casts doubt on 
whether the term hemineglect is appropriate for LPD, at least in the mild to 
moderate stages of the disease.  It remains possible, however, that LPD do 
experience a sort of hemineglect syndrome that does not affect performance on 
traditional horizontal line bisection tests.  Also, the presence of bias in 
psychophysical versions of horizontal and vertical line bisection in the absence of 
saccadic abnormalities suggests that low-level perceptual abnormalities do exist 
in LPD particularly.   
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Study 2 was an evaluation of two hypotheses that had been offered to 
explain altered performance in LPD in past studies, one of them active in the 
literature, and one of them proposed for the first time here.  The first hypothesis 
was the spatial compression hypothesis, that the representation of left-space is 
compressed LPD. The second hypothesis was that left space is reduced in 
salience.  Both hypotheses were tested using psychophysical methods, where a 
grating was briefly presented to each hemifield while participants fixated 
centrally.  This spatial compression hypothesis was tested using a spatial 
frequency discrimination task. Evidence for spatial compression in LPD would 
have emerged if LPD showed a bias to overestimate the spatial frequency of 
ratings on the left as compared to those on the right. This did not occur as LPD 
did not differ significantly from the control group or RPD in their performance. 
The reduced salience hypothesis was tested using a contrast discrimination test 
where the contrast of the grating on the left was compared to that of the grating 
on the right. Reduced salience in the left hemifield would have been indicated if 
LPD underestimated the contrast of gratings on the left as compared with those 
on the right. LPD did not show such a bias and did not differ statistically from NC 
or RPD in contrast discrimination. In sum, neither the spatial compression 
hypothesis nor the reduced salience hypothesis was supported. 
Study 3 differed from Studies 1 and 2 in that it was not only exploring 
mechanisms of hemineglect in LPD but it was also assessing visuospatial 
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perception and cognition in PD generally.  A multiple object tracking paradigm 
was used to measure sustained attention in PD in the left and right visual 
hemifields. If attentional abnormalities were a mechanism underlying biased 
perceptual performance in past studies in LPD, the expectation was that 
allocating attention to the left hemifield tracking one or multiple objects would be 
differentially impaired in LPD as compared to tracking the same in the right 
hemifield.  No such differential impairment emerged in LPD, providing no support 
for the notion of biased or dysfunctional attention as a mechanism underlying 
bias perceptual results in previous studies in LPD.   
Since sustained attention had not been studied in PD generally in the 
past, its integrity was also examined. PD were impaired in tracking a single 
object and in tracking multiple objects using sustained visuospatial attention. The 
data from individuals with PD also shed light on how attentional processing works 
in the brain. In the first experiment, one object was tracked at a time with a single 
distractor. In the second experiment, two objects were tracked at a time each 
with its own distractor. When the two objects were split across the two visual 
hemifields, performance in PD was strongly correlated with that from Experiment 
1.  This result is consistent with the idea that each visual hemifield is independent 
in its resources for tracking objects.  When the two objects being tracked were 
both in the same hemifield, however, meaning that one hemisphere would be 
tracking both objects, the correlation with the results of Experiment 1 
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disappeared.  This finding strongly suggests that a separate mechanism, which is 
independently impaired in PD, is involved in tracking two objects at once as 
compared with tracking a single object—a novel piece of knowledge regarding 
how the human attention system is structured.   
 
 
 
OVERALL CONCLUSIONS 
The present results make four broad points.  First, perceptual deficits in LPD 
appear to exist (in line bisection).  Hemineglect particularly may exist, but it is a 
weak effect that requires a large sample and sophisticated psychophysical 
methods to elicit significant group differences. The effect may not reliably 
manifest on traditional line bisection tasks, or when controlling gaze bias.  
Second, spatial compression and reduced salience of the LVF do not appear to 
be reliably present in LPD.  Third, PD show a deficit in sustained visuospatial 
attention that is present for tracking a single object and also for tracking multiple 
objects. Fourth, the lack of correlation between deficits in tracking one versus 
tracking two objects in a given hemifield suggests that the human visuospatial 
attention system uses a separate mechanism to track multiple objects beyond 
what it uses to track a single object, and further suggests that both mechanisms 
are impaired in PD, but independently so. The results underscore the importance 
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of translating basic vision research for understanding how the brain and mind 
change in clinical disorders, and of conducting clinical research to enrich 
understanding of the healthy brain and mind.     
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